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Recognition that the bioavailability of soil As (As) is influenced by its soil dynamics has 
initiated research into development of more accurate, site-specific soil guideline values, 
departing from the assumption that the total soil As content is bioavailable. With the aim of 
deriving predictive models, the relationship between soil properties and As bioavailability 
(bioaccessibility and phytotoxicity) was examined on a set of naturally contaminated sheep 
dip soils (n = 30). Sampled soils were extensively characterised, bioaccessibility was 
estimated through an in vitro procedure, and soil As toxicity and availability to plants were 
evaluated using an early growth wheat bioassay.  
The in vitro bioaccessibility was consistently less than the total soil As content. Arsenic 
bioaccessibility was negatively correlated to soil iron (Fe), manganese (Mn) and aluminium 
(Al) contents, and it was positively related to the soil As loading. The in vitro extractable soil 
As concentrations were successfully modelled using linear combinations of soil As content, 
soil Fe and Mn determinations and soil pH.  
Differences in As phytotoxicity, expressed in terms of effective toxic concentration (EC50), 
between soils were directly related to soil Fe, Mn and Al contents. Available soil phosphorous 
(P) exerted an ameliorating effect on As toxicity, with the available soil As/P ratio 
representing the single best predictor of plant growth suppression. Plant P nutrition appeared 
to influence the relative selectivity for As and P by wheat, with greater selectivity for P 
demonstrated under P deficient conditions.  
Plant As uptake, its distribution, and also the plant nutrient status were all adversely affected 
by increasing soil As exposure. Co-contamination by Zn corresponded to a substantial 
elevation in proportion of the plant As allocated in shoots. Plant As levels exhibited a 
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saturation-dependent relationship with increasing soil As. The best linear predictors of plant 
As levels in the non-toxic range were RHIZO-extractable and effective soil As concentrations, 
the latter based on the diffusive gradients in thin films (DGT) technique.  
Despite the complexity of soil As dynamics, large proportions in the variances exhibited by 
the two measures of bioavailability were explained using a small set of readily-available soil 
properties.  
 
Keywords: sheep dips, As bioavailability, As bioaccessibility, As phytotoxicity, wheat, As 
availability indices, diffusive gradients in thin films (DGT). 
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1 Introduction 
Arsenic (As) is widely considered as one of the most toxic natural elements (Smith, 1998). It 
is currently classified as a Class A carcinogen by the United States Environmental Protection 
Agency. In humans chronic exposure to As can lead to skin and organ cancer, impaired nerve 
function, and liver and kidney damage (Smith, 1998). Arsenic impacted soils may pose an 
elevated risk to human, animal and plant health. High As concentrations in soils can induce 
plant toxicity (phytotoxicity) and in some instances lead to As accumulation in plant biomass 
in excess of the levels deemed safe for human and animal consumption. Additionally 
downward loss of As from contaminated soils poses an issue for groundwater quality. Apart 
from the dietary pathways, the other main exposure pathway of As to humans is through 
ingestion of contaminated soil.  
The behaviour of As in soil is exceptionally complex (McLaren et al., 2006). Arsenic exists in 
soil in two different valance states, and its speciation in the soil solution is mediated by 
simultaneous interaction of chemical and microbial processes. Furthermore As reacts strongly 
with the solid phase soil constituents via time-dependent retention and release processes, and 
is often considered as being relatively immobile in soil. The retention and release soil 
reactions are though to confer a dominant influence on the availability of As to organisms and 
hence its risk in the environment. Arsenic sorption and desorption processes are in turn 
directly related to soil physiochemical properties, and will consequently vary between 
different soil types.  
In New Zealand, arsenical pesticides were widely used for treating sheep against parasites, 
leaving a legacy of localised but potentially, severely contaminated soils in close proximity to 
former treatment dips (Ministry for the Environment, 2006). Pastoral lands are being 
increasingly sought for more sensitive and intensive land uses. Conversion to dairy and arable 
agriculture and residential development at town fringes could lead to increased risk to As 
exposure.  
Current risk assessment of contaminated sites is conducted using soil guideline values derived 
from an assumption that the total soil-borne As content is available to generate a toxic 
response (Ministry for the Environment, 2006). While being conservative and simplistic, such 
a scenario is invalid as As is strongly retained by solid phase soil constituents. Recently there 
has been intensive research and development of simple techniques able to estimate the 
fraction of total contaminant potentially available to plants (phytoavailability) and the fraction 
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of total contaminant that will be solubilised in the human gastrointestinal tract upon ingestion 
of soil (bioaccessibility). While showing favourable results these techniques have not been 
evaluated extensively, and in particular their application is New Zealand has so far been 
limited. Furthermore as the parameters they estimate are strongly influenced by soil 
physiochemical properties it is possible that bioavailability of As to plants and humans could 
be estimated from commonly measured soil properties.  
1.1 Project rationale 
To date, relatively little detailed research has been conducted on As contamination of New 
Zealand soils. In particular there is little information relating to soil As bioavailability and 
toxicity to plants and its availability to humans following ingestion of contaminated soil. 
Recently developed experimental techniques such as the in vitro bioaccessibility 
determination and the phytoavailability assessment using the DGT method have not been used 
widely in New Zealand. 
1.2 Project hypothesis  
Soil As availability, both to plants (phytoavailability) and humans upon ingestion 
(bioaccessibility) are functions of soil properties, and can be empirically predicted from a 
combination of easily derived variables such as total soil concentration of As and key soil 
properties.  
1.3 Project objectives 
1. Collection of soil samples (>30) from a number of disused sheep dips with a history of 
arsenical pesticide use. Ideally the sample should possess a considerable variation in soil 
physiochemical characteristics and As concentrations. 
2. Characterisation of soil samples; focusing on analysis of physiochemical soil properties 
likely to influence the fate of As in soil: including soil pH, clay content, iron (Fe), aluminium 
(Al) and manganese (Mn) fractions, phosphorous (P - phosphate) concentration, total As and 
As fractionation. 
3. Determination of As bioaccessibility of the collected dataset using a streamlined version of 
the Physiologically Based Extraction Test (SBET). 
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4. Determination of As phytotoxicity of the dataset using a standardised early-growth 
germination trial and characterisation of As availability using the Diffusion Gradients in Thin 
Films (DGT) technique. 
6. Model As bioaccessibility, phytotoxicity and phytoavailability using multiple linear 
regression. 
2 Literature Review 
2.1 Arsenic in Sheep Dips: History of use and current 
concerns 
Widespread use of arsenical pesticides in livestock dips for control of various parasites such 
as ticks, flea, blowflies and lice is responsible for a significant build up of As in soils 
surrounding the sheep dip structures (1998, McLaren et al., 1998). Treatment of sheep with 
pesticides in New Zealand has been practiced since the middle 19th century, and annual 
dipping of stock was even mandatory under law for participating in trade (Ministry for the 
Environment, 2006). While the precise number and location of sheep-dips are unknown 
Ministry for Environment (2006) has estimated that around 50,000 of disused dipping sites 
are located around New Zealand. Their estimate was based on stocking numbers and number 
of sheep farm properties. It is thought that a large number of sites have been demolished and 
filled, hindering their subsequent identification. Arsenic was a popular pesticide, enjoying 
widespread use between c. 1840 and 1980 before being withdrawn from the market in 1978 
(Ministry for the Environment, 2006). In addition to its use in sheep dips, As was also used 
for treating sheep against footrot in smaller foot baths. Organochlorines were also widely used 
for sheep dipping in New Zealand, and products included DDT, lindane, dieldrin and aldrin. 
Less widely used inorganic pesticides included zinc (Zn) and copper (Cu), both reportedly 
used prevalently in foot bath operations (Ministry for the Environment, 2006). 
Soils surrounding sheep dip and foot bath structures often contain elevated As concentrations, 
with extremely high As concentrations recorded (Juhasz et al., 2007b, McLaren et al., 1998, 
Environment Canterbury, 2003). Arsenical pesticides were widely used to control ticks in 
cattle in Australia, and a survey of former dipping sites reported highly elevated 
concentrations of As in localised areas immediately surrounding dip baths and draining pens 
(Table 2.1.1). In a different study, total As concentrations ranged between 30-14,800 mg/kg in 
soils surrounding 11 cattle dip sites in Australia (McLaren et al., 1998). A broad surface soil 
investigation of 13 sheep dip and 5 foot bath sites on the Kaikoura Plain, North Canterbury, 
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New Zealand found As elevated at each site, with concentrations ranging between 24 and 
4,390 mg/kg within 0.5 m of the sheep dip structures (Environment Canterbury, 2003). In 
comparison, the background As concentrations of soil and parent material were reported as 9 
and 10 mg/kg respectively.  
Table 2.1.1. Average As concentrations in composite soil samples in and around cattle-dip sites around 
Australia (Adapted from Smith (1998)). 
 As (mg/kg) 
Location within dip site Mean Range 
Adjacent to dip bath 290 0 - 1,636 
Draining pen 436 2 - 870 
Scooping mound 720 15 - 3,000 
Disposal Pit 467 0 - 2,600 
 
Elevated As concentrations have been observed at depth in soils surrounding dip sites, 
suggesting that As may be subject to downward movement under certain circumstances, 
possibly involving preferential flow caused by large discharge volumes at sporadic intervals 
and at unsaturated conditions (McLaren et al., 1998, Smith, 1998). High As concentrations 
were detected in the subsurface soils immediately surrounding the dip structures at two of out 
three sites considered under the Kaikoura Plains investigation; at one of the sites As 
concentrations of 240 mg/kg were recorded at a depth of 2.4 m. 
Redevelopment of land previously used for pastoral farming into more intensive (eg. dairying, 
cropping) and sensitive (eg. residential) uses raises concern in regards to human and plant 
health. Presence of As hotspots in soils surrounding the abandoned dip facilities can - if 
unidentified and inappropriately managed - lead to increased exposure to As (Ministry for the 
Environment, 2006). Arsenic is considered as one of the most toxic elements in the 
environment, ranked as third behind lead (Pb) and mercury (Hg) on the US Toxic Substances 
and Disease Registry. Arsenic disrupts cellular energy pathways and DNA synthesis and 
repair, and chronic As exposure has been associated with a variety of cancers, cardiovascular, 
gastrointestinal, neurologic and respiratory disorders and developmental abnormalities 
(Ratnaike, 2006). Ingestion represents the main pathway of As exposure to humans, with 
inhalation and dermal contact representing less important pathways (Ratnaike, 2006).  
For former sheep dipping sites the consumption of produce grown on contaminated soil, and 
of groundwater abstracted from a well constructed on As hotspots are two potential pathways 
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of As exposure to humans. The direct ingestion of contaminated soil represents an important 
non-dietary pathway of As exposure, especially for children. In particular, as it is thought that 
plants experience toxicity prior to accumulating As at levels deemed unsafe for human 
consumption and as As is considered to be relatively immobile in the soil environment, 
ingestion of contaminated soil will often represent the most sensitive pathway. However 
produce and groundwater consumption should not be disregarded. Environment Canterbury 
(2003) state that in Kaikoura, as well as in the Waikato region of New Zealand, there have 
been incidences of sheep mortality attributed to grazing nearby former sheep dip or foot bath 
structures.  
 
Figure 2.1.1. A simple schematic showing a basic fate of As in soil coupled with pathways of As exposure 
to humans, plants and animals. 
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2.2 Soil arsenic dynamics 
Arsenic is a naturally occurring element in the terrestrial environment. Background levels of 
soil As concentrations range between 1 - 100 mg/kg, but are commonly below 10 mg/kg 
(McLaren et al., 2006). The variation in background soil As levels is mainly related to 
differences in parent material and soil development, however soil concentrations can also be 
naturally influenced through atmospheric fluxes (McLaren et al., 2006). The biogeochemical 
dynamics of As are complex, involving both abiotic and biotic reduction-oxidation reactions 
and methylation-demethylation reactions (Figure 2.2.1). This review of literature will focus on 
sorption and desorption processes given their dominant influence on the solubility of As in 
soil. 
 
Figure 2.2.1.Simplified schematic of As dynamics in soil (Adopted from Zhang and Selim (2008b)). 
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2.2.1 Arsenic speciation 
On earth’s surface, As is stable in +3 and +5 oxidation states, bonding strongly to either three 
or four oxygen atoms to form arsenite (AsO33-, AsIII) or arsenate (AsO43-, AsV) respectively, 
depending on the redox and pH conditions. Oxygen ligands can be replaced by methyl groups 
to form a variety of organic As forms. Prevalent organic As forms are monomethylarsonic 
acid (MMAA) and dimethyarsinic acid (DMAA). In general organic arsenicals account for a 
minor fraction of total soil soluble As (Miao and Naidu, 2006).  
Arsenate is the thermodynamically stable form under oxygen rich conditions, and represents 
the dominant form of As in aerobic soils (Masscheleyn et al., 1991). Based on its 
thermodynamic equilibria AsV will be present as H2AsO4- and HAsO42- within the range of 
pH values encountered in soils, its first two pKa values being 2.3 and 6.8 respectively (Sadiq, 
1997). Under moderately reduced and anoxic conditions AsIII increases in prevalence 
(Masscheleyn et al., 1991). Arsenite exists in a neutral state (H3AsO3) within the range of pH 
found in soils, with its first pKa constant being pH 9.2 (Sadiq, 1997). As the kinetics of 
homogenous AsV-AsIII transformations are relatively slow detectable concentrations of both 
thermodynamically stable and unstable species are found in the soil solution (Masscheleyn et 
al., 1991). 
Arsenite is considered as more soluble and mobile than arsenate, ascribed to its typically 
uncharged nature at normal soil pH values, and lower affinity for Al oxides and phyllosilicate 
clays. Additionally, at low redox conditions the reductive dissolution of Fe minerals releases 
adsorbed As into the solution, leading to higher concentrations of soluble As under anaerobic 
conditions (Miao and Naidu, 2006). Solution phase AsIII oxidises to arsenate upon its 
application to aerobic soils (Manning and Suarez, 2000). It has been shown that Mn oxides 
mediate the heterogenous oxidation of AsIII to AsV (Scott and Morgan, 1995). The limiting 
step in the heterogeneous oxidation of As is the adsorption of AsIII to MnIV oxide surfaces 
(Scott and Morgan, 1995). The extent and the rate of heterogeneous AsIII oxidation is 
influenced by soil texture, mineral composition and the co-precipitation and coating of Mn 
oxide surfaces by CaCO3, and Al and Fe oxides (Manning and Suarez, 2000).  
2.2.2 Arsenic Retention 
The capacity of soil to adsorb As and the kinetics of adsorption-desorption reactions 
determine its mobility in soil and consequently its phytoavailability and bioaccessibility. 
Arsenic exhibits a high sorption affinity for soil’s solid phase constituents, with water and 
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weak electrolyte extractable As concentrations often representing less than 2 % of total soil-
borne As (Száková et al., 2005). Retention of As in soil is concentration dependent, with the 
proportion of initially soluble As decreasing with increasing soluble As (Smith et al., 1999, 
Selim and Zhang, 2007). Solid constituents demonstrated as capable of adsorbing As include 
clay minerals, Fe oxides and hydroxides, Mn oxides, Al oxides and calcium carbonate 
(McLaren et al., 2006). Arsenic adsorption studies on pure minerals have shown that Fe and 
Al oxides and hydroxides exhibit the greatest affinity for As (Dixit and Hering, 2003, 
Manning and Goldberg, 1997a). Retention of As species by aluminosilicate minerals is 
substantially lower, ascribed to their permanent negative charge and restriction of pH 
dependent hydroxyl groups to edge surfaces  (Goldberg, 2002, Lin and Puls, 2000). Direct 
microscopic techniques have shown that As specifically adsorbs onto mineral surfaces of Fe 
and Al oxides through ligand exchange reactions with terminal OH- and H2O groups, forming 
both mono- and bidentate inner sphere complexes (Fendorf et al., 1997, Waychunas et al., 
1993, Arai et al., 2001). Surface adsorption of As to mineral surfaces tends to be favoured 
over precipitation, with exceptions at high coverage conditions (Selim and Zhang, 2007).  
In the heterogeneous soil environment, the ability to distinguish the relative importance of 
different minerals for As adsorption is limited by their strong co-association. Strong positive 
correlations between the amount of As adsorbed and soil Al/Fe oxide content and clay 
contents are frequently reported (Elkhatib et al., 1984, Livesey and Huang, 1981, Yang et al., 
2002). By introducing radioactive arsenate to soil Fordham and Norrish (1979) showed that 
As was predominantly retained by Fe oxides and to a lesser extent by titanium (Ti) oxides. In 
contrast Al oxides and primary and secondary aluminosilicate minerals (kaolinite, illite, 
vermiculite and feldspars) were substantially lower contributors to arsenate adsorption 
(Fordham and Norrish, 1979).  
Arsenic adsorption exhibits nonlinear kinetics characteristic of biphasic behaviour, with the 
rate of sorption decreasing with increasing time (McLaren et al., 2006, Smith et al., 1999). It 
features an initial rapid stage responsible for adsorbing the bulk of the As in the solution. 
Commonly, approximately 90% of As is adsorbed within 24 hours (Yang et al., 2002, 
O'Reilly et al., 2001). This phase is followed by a slow and steady rate of adsorption that 
extends over a long term period, and in some instances this phase has been followed for one 
year (O'Reilly et al., 2001).   
The rate and magnitude of As adsorption varies between soils, and it has been shown that 
adsorption behaviour is influenced by soil constituents, soil pH, redox conditions and soil 
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solution composition. Generally AsV is adsorbed to a greater magnitude than AsIII, but the 
relative affinity is influenced by soil pH, mineral constituents and competing species (Dixit 
and Hering, 2003). Soil pH exerts a considerable influence on As sorption, largely a reflection 
of its preferential adsorption by minerals with a pH dependent charge (McLaren et al., 2006, 
Smith et al., 1999, Dixit and Hering, 2003). Soil pH directly controls AsV and AsIII equilibria 
as well as modifying the surface charge properties of variable charge constituents, with oxides 
and hydroxides becoming more negatively charged as pH increases. In general sorption of 
AsV decreases with increasing pH, while adsorption of AsIII generally increases with 
increasing pH (Dixit and Hering, 2003, Goldberg, 2002, Manning and Goldberg, 1997b).  
Arsenic adsorption is also affected by the influence of other ions present in the solution (Miao 
and Naidu, 2006). In particular P has been shown to exert a considerable negative influence 
on adsorption of both AsV and AsIII, while the influence of other common anions like SO42-, 
NO3- and Cl- is either negligible or absent (O'Reilly et al., 2001, Smith et al., 2002, Livesey 
and Huang, 1981). Phosphate is chemically analogous to AsV, interacting with mineral 
surfaces through similar mechanisms. The competitive effect of P, and the magnitude of As 
displaced, is dependent on mineral constituents, soil pH, surface coverage and residence time 
(Violante and Pigna, 2002, O'Reilly et al., 2001, Smith et al., 2002). Violante and Pigna 
(2002) reported that Fe, Mn and Ti oxides and phyllosilicates enriched in Fe were more 
effective in sorbing AsV than P. Authors reported that the opposite was the case for minerals 
rich in Al and organo-mineral complexes (Violante and Pigna, 2002). Similarly, for a suite of 
amorphous minerals with a range of Fe/As ratios the adsorbed AsV/P molar ratio increased as 
the Fe/As ratio of minerals increased (Violante and Pigna, 2002). Studies of whole soil 
systems generally observe preferential adsorption of P with respect to AsV (Zhang and Selim, 
2008a). Phosphate addition, whether prior, simultaneous to or following As treatment does 
not result in complete displacement of added As, with maximum displacement reported being 
80%, suggesting that a certain portion of sorption sites is specific to AsV (O'Reilly et al., 
2001, Jacobs et al., 1970b).   
In addition to P, soluble organic compounds are also capable of inhibiting As adsorption in Fe 
and/or Al rich soils (Redman et al., 2002, Xu et al., 1991, Gustafsson, 2006). Gustafsson 
(2006) observed an inhibitory effect of fulvic acid on adsorption of AsV on samples from 
different podsol Bs horizons. Grafe et al. (2001) reported that both humic and fulvic acids 
inhibited retention of AsV and AsIII by goethite. In contrast, neither had an effect on pH 
envelopes of AsV and AsIII adsorption on ferrihydrite, the authors reporting that citric acid 
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produced the only significant inhibitory effect (Grafe et al., 2002). The type, content and 
acidity of the functional groups on organic polymers and the surface heterogeneity of the 
mineral are likely to influence their competitive behaviour; meaning that the nature of any 
competitive behaviour is still unpredictable (Grafe et al., 2001).  
2.2.3 Arsenic Desorption 
Arsenic release has not been studied as extensively as sorption. Desorption of As from pure 
mineral systems and soils is highly hysteretic, rates of desorption being substantially lower 
than those of adsorption with significant proportions of As appearing as irreversibly bound 
(Elkhatib et al., 1984, Zhang and Selim, 2005). Furthermore, the rate of release decreases with 
increasing residence time (Jacobs et al., 1970b, Zhang and Selim, 2005, O'Reilly et al., 2001). 
This phenomenon is commonly ascribed to continued slow diffusion of As into the soil 
matrix, and sorption to less kinetically favourable sites (Zhang and Selim, 2005). In addition 
it has been suggested that the solid-phase precipitation and complexing reactions are time-
dependent, such as rearrangement of bonding mechanisms to higher binding strengths or 
growth of three-dimensional As solid phase minerals (Arai and Sparks, 2002).  
While desorption of As is commonly limited, considerable proportions of initially adsorbed 
As have been desorbed from soils with low affinity for As or following leaching with P 
solutions (Carbonell-Barrachina et al., 1996; Jacobs et al., 1970). For instance, AsIII initially 
adsorbed by 3 soils with low sorption capacities was fully released after 36 hours (Carbonell-
Barrachina et al., 1996). Significant rates of As desorption have also been achieved using P 
displacement and anion exchange resins, suggesting that As can under certain conditions 
become labile (Zhang and Selim, 2005, McLaren et al., 2006).  
2.3 Arsenic bioaccessibility 
Oral ingestion of soil is an important exposure pathway of toxic substances to humans (Ruby 
et al., 1996). The pathway of ingestion is prevalently accidental, such as through unwashed 
vegetables or poor hygiene. Accidental soil ingestion represents the principal pathway for 
exposure to non-dietary sources of As. Hand to mouth activities by infants and children is the 
most concerning means for soil ingestion. Children playing in gardens ingest on average 
between 50-200 mg/day of soil (Intawongse and Dean, 2006). An accurate evaluation of the 
soil ingestion pathway is required for effective risk assessment of As contaminated sites.  
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One of the parameters essential for calculation of As exposure via soil ingestion is the relative 
bioavailability of soil As. Bioavailability represents a notion that not all the contaminants 
present in the ingested soil are capable of interacting with biological receptors. The fraction of 
a contaminant that is bioavailable is influenced by factors such as soil and contaminant type, 
residence time and the gastrointestinal properties of an individual (Intawongse and Dean, 
2006). At this point in time, no method has been generally accepted for direct quantification 
of the bioavailable soil As fraction. Current regulations and environmental risk assessments 
assume that soil As is 100% bioavailable, with the total soil-borne contaminant content 
entering systematic circulation upon ingestion. 
A small number of animal dosing experiments have evaluated the relative bioavailability of 
As to humans from contaminated soil, reporting that soil As bioavailability is consistently less 
than 100 % (Kelley et al., 2002, Rodriguez and Basta, 1999, Juhasz et al., 2007a). Results 
from these in vivo studies indicate that the bioavailability of As is highly variable, varying 
between soil type, contaminant source and individual (Rodriguez and Basta, 1999, Juhasz et 
al., 2007a). In vivo experimental designs are criticised for being expensive and time 
consuming, factors that make them unsuitable for a rapid evaluation of site-specific risks. 
They are also seen as controversial due to the ethical issues surrounding coercion of animal 
species to experimentation. Furthermore, it is difficult to confidently extrapolate the results 
from in vivo studies to humans, as animal species do not entirely simulate the human 
physiology (Kelley et al., 2002). 
Reactions of As in soils, exhibiting high and rapid retention and low and slow release 
properties, together with the findings from in vivo experiments, indicating that bioavailability 
is less than that of total soil As invalidate the assumption that soil As is 100% bioavailable. 
Risk assessment evaluated on the assumption that total soil As is bioavailable are likely to 
overestimate the exposure, and consequently lead to higher remediation costs. The concept of 
bioaccessibility has evolved for the purpose of more accurately estimating the bioavailable 
fraction. Bioaccessibility represents the fraction of a given contaminant that is solubilised 
within the gastrointestinal system and that therefore becomes available for internal adsorption 
(Intawongse and Dean, 2006).  
Extensive research has been carried out towards development of rapid, simple and 
reproducible in vitro laboratory techniques for assessing bioaccessibility (Kelley et al., 2002). 
These methods rely on medical and biochemical knowledge to operatively simulate the 
human gastrointestinal physiology. Most of the tests developed involve static, sequential 
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exposures of soil samples to conditions designed as surrogates for different parts of the 
gastrointestinal system (Oomen et al., 2002). The fraction of an element that is solubilised 
from a soil sample in a simulated gastrointestinal environment is measured as its 
bioaccessibility. There has been some regulative adaptation of in vitro techniques (Saikat et 
al., 2007, Nathanail and Smith, 2007). For example, in vitro procedures are increasingly being 
accepted for second tier contaminated land assessments and for development of site specific 
remediation goals by environmental authorities in United Kingdom (Nathanail and Smith, 
2007, Saikat et al., 2007).  
While the number of studies assessing different in vitro tests against each other is ample, 
adequate validation of the developed techniques against in vivo data and testing of 
standardised reference materials is lacking (Intawongse and Dean, 2006, Zagury, 2007). 
Currently, only the Physiologically Based Extraction Test (PBET) and its derivatives, the In 
vitro Gastric (IVG) and the Simplified Bioaccessibility Extraction Test (SBET), have been 
validated for As against in vivo data (Rodriguez and Basta, 1999, Juhasz et al., 2007a, Ruby et 
al., 1996, Bruce et al., 2007). Experiments involving direct comparison of in vitro and in vivo 
methodologies have observed strong correlations between the bioaccessible As and in vivo for 
swine and mouse in vivo models (Rodriguez and Basta, 1999, Juhasz et al., 2007a, Ruby et 
al., 1996, Bruce et al., 2007). The available in vitro techniques still tend to overestimate the in 
vivo bioavailability of non-human primate species (Roberts et al., 2007). Attempts have also 
been made to expand the in vitro tests in order to model the uptake of the dissolved 
contaminants across the intestinal membrane (Rodriguez and Basta, 1999). To date in vivo 
bioavailability has correlated better with As concentrations dissolved by the gastric phase of 
the in vitro models, despite the fact that physiological evidence indicates that AsV is absorbed 
in the small intestine (Ratnaike, 2006). This inconsistency is attributed to the greater 
importance of dissolution occurring in the gastric phase.  
The different in vitro tests differ in their operational characteristics of the gastrointestinal 
system (Intawongse and Dean, 2006, Oomen et al., 2002). The techniques simulate different 
gastrointestinal conditions, some representing most conservative receptors and others 
estimating the average bioaccessibility. It is thought that gastric pH, presence or absence of 
food constituents, particle size of the test material and residence time of a sample in different 
gastrointestinal phases have largest effect on a contaminant’s bioaccessibility (Intawongse 
and Dean, 2006, Oomen et al., 2002, Makris et al., 2008). Some tests simulate the full 
gastrointestinal system, comprised of mouth, gastric and intestinal phases (duodenum, 
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jejunum and ileum). Other tests have been streamlined through validation against in vivo data, 
preserving phases best correlated to relative bioavailability (Oomen et al., 2002). For As the 
acidic conditions of the gastric digestion tend to produce the most conservative estimate of 
bioaccessibility, and as stated above, experiments evaluating in vitro methods against in vivo 
bioavailability have shown that further inclusion of intestinal phases does not improve 
predictive relationships (Bruce et al., 2007, Rodriguez and Basta, 1999).  
Arsenic bioaccessibility is less affected by inter-method differences than other commonly 
tested inorganic contaminants, such as cadmium (Cd) and Pb, proving to be a stable element 
for determination (Oomen et al., 2002, Saikat et al., 2007, Ruby et al., 1996). Changes in the 
gastric pH, or the subsequent rise in pH representative of small intestine conditions, do not 
impart significant effects on soil As bioaccessibility (Ruby et al., 1996, Oomen et al., 2002). 
Recently it has been shown that the pH dependency of the gastric phase is dependent on the 
mineral phase of contaminant As (Makris et al., 2008). An inter-laboratory comparison of in 
vitro methods used for determining nickel, Pb and As bioaccessibility reported that out of the 
three elements As bioaccessibility varied the least across the different methods and 
laboratories (Saikat et al., 2007).  
2.3.1 Relationships between bioaccessible As and soil properties 
Bioaccessibility of As is highly variable between different soil types, and generally studies 
have reported that the relative As bioaccessibility, expressing the in vitro bioaccessible  as a 
fraction of total soil-borne As, varies between different soils with comparable total soil As 
level (Yang et al., 2002). Bioaccessibility is strongly influenced by soil physiochemical 
properties and in general better correlations, compared to total soil As, are reported between 
As bioaccessibility and operative soil As fractions (Yang et al., 2002, Sarkar et al., 2007, 
Tang et al., 2007). Smith et al. (2008) reported that As extracted by an in vitro technique 
correlated strongly with As associated with amorphous and crystalline Al and Fe oxides (r2 = 
0.97) for 12 long-term contaminated soils. Other experiments have reported significant but 
weak relationships between bioaccessible As and soil As extracted by different chemical 
reagents; however, the predictive relationships improved with inclusion of additional soil 
physiochemical properties (Pouschat and Zagury, 2006, Sarkar et al., 2007, Fendorf et al., 
2004).   
Consistent with the As adsorption-desorption kinetics, the bioaccessibility of soil As 
decreases with increasing residence time, the rate of attenuation strongly related to soil 
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properties (Fendorf et al., 2004, Yang et al., 2002, Tang et al., 2007). It has been shown that 
the meta-stable bioaccessibility of As in dosed soils is also related to soil properties (Yang et 
al., 2002, Fendorf et al., 2004, Tang et al., 2007). Yang et al. (2002) found that the steady 
state bioaccessibility was significantly influenced by soil Fe content and soil pH. Juhasz et al. 
(2007b) also observed a general trend of higher As bioaccessibility with increasing pH and 
lower bioaccessibility with increasing soil crystalline Fe content in naturally contaminated 
soil samples (n = 50), but both relationships were not found to be statistically significant. In 
general, experiments on naturally contaminated soils have reported weaker relationships with 
soil properties than experiments using spiked soils (Juhasz et al., 2007b, Pouschat and 
Zagury, 2006). Conduction of a fractionation analysis on long-term contaminated soils prior 
and following an in vitro extraction indicated that bioaccessible As was primarily extracted 
from non-specifically sorbed, specifically sorbed and amorphous and poorly crystalline Al/Fe 
oxide pools (Smith et al., 2008).  
Simple soil physiochemical properties have been successfully used in formulating empirical 
equations for predicting As bioaccessibility (Yang et al., 2002, Tang et al., 2007). 
Experiments considering As bioaccessibility have largely focused on soils contaminated by 
mining activities, showing As to be relatively immobile under those conditions (Palumbo-Roe 
and Klinck, 2007, Williams et al., 1998). In comparison bioaccessibility assessments of sites 
contaminated by pesticides are not as common in the literature. Sarkar (2007) carried a 
modified version of the PBET in vitro test on 12 soils contaminated by livestock dipping. 
Significant correlations were found between the bioaccessible As content and numerous soil 
properties, including pH, electric conductivity (EC), total P and clay content. Along with a 
sequential extraction step representing the calcium (Ca) and magnesium (Mg) associated As, 
these properties were able to explain 86 % of the variation in bioaccessibility for the tested 
soils. In contrast, Juhasz et al. (2007b) found that total soil As and Fe contents were the best 
predictors of bioaccessible As for a pool of samples collected from areas affected by pesticide 
and insecticide applications, mining activities and also from naturally enriched areas (n = 50, 
r2 = 0.96).   
In conclusion, in vitro techniques show promise in quantifying the risk arising from ingestion 
of As contaminated soils. A limited number of studies have consistently reported strong 
relationship between in vitro bioaccessibility and relative bioavailability obtained from in 
vivo experiments. Moreover, studies have successfully related the in vitro As bioaccessibility 
to soil properties and soil As fractions, suggesting that bioaccessibility can be confidently 
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predicted form readily available soil properties. Given the limited number of studies and the 
inconsistency in influential soil properties, further investigation of As bioaccessibility within 
long-term contaminated soils is required.  
2.4 Arsenic phytoavailability and phytotoxicity 
The aim of this section is to outline the fate of As in the plant-soil system. Firstly, the current 
understanding of plant As uptake and metabolism is described, including mechanism of As 
tolerance, followed by a more in-depth discussion of how soil processes influence the 
availability and toxicity of As. Different indices of phytoavailable soil As are reviewed. 
Finally, the potential influence of rhizosphere processes on As uptake is briefly considered, 
mainly presented in the context of their potential significance over the processes operating in 
the bulk soil, given that all the proposed methods of this study are to be carried on the bulk 
soil. Emphasis throughout the discussion of the available literature is placed on AsV, on an 
assumption that it represents the dominant chemical form of As under aerobic soil 
environments. 
2.4.1 Arsenic toxicity 
While As has not been established as an essential plant nutrient, stimulation of plant growth at 
low As concentrations has frequently been demonstrated (Carbonell et al., 1998a, Horswell 
and Speir, 2006, Stewart and Smith, 1921). For example, the biomass of a common wetland 
grass species grown in hydroponic cultures containing inorganic As at 0.2 – 0.8 µg/l increased 
significantly with respect to that of control (Carbonell et al., 1998a). It is unclear if the As 
stimulation originates from suppression of pathogens, enhancement of P uptake or from a 
direct beneficial function of As (Stewart and Smith, 1921).  
Exposure of non-tolerant plants to elevated As levels results in toxicity, with visual symptoms 
ranging from inhibition in root growth, discoloration of leaf margins, stunted growth and 
plant mortality (Horswell and Speir, 2006). Under hydroponic conditions, absorption and 
toxicity of As are controlled by As speciation and P status of the external medium. In their 
survey of available plant toxicity studies, Horswell and Speir (2006) show that a large 
variation in As tolerance is exhibited both between and within plant species. Mechanisms for 
coping with As stress include modification of As uptake, detoxification of cellular As via 
reduction, chelation and efflux processes, and tolerance conferred through mycorrhizal 
association (Horswell and Speir, 2006). 
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2.4.2 Relative toxicities of different arsenic species 
Hydroponic studies assessing relative toxicities of As species emphasise that As toxicity is 
largely determined by the chemical form of As in the external medium (Carbonell et al., 
1998a). Arsenite is more toxic than AsV, the disparity commonly attributed to its greater 
mobility and slightly higher uptake rate. Additionally, as will be addressed below, the two 
inorganic species differ in their mode of toxicity. Disagreement exists with respect to relative 
toxicities of organic and inorganic As species. While inorganic As compounds were formerly 
regarded as more toxic than organic arsenicals, recent studies have shown that both tolerant 
and non-tolerant plants are more sensitive to organic arsenicals (Meharg and Hartley-
Whitaker, 2002). Carbonell et al. (1998a) reported that toxicity of As species to a common 
wetland grass species decreased in the order of MMAA > DMAA > AsIII > AsV. Similarly 
Pteris vittata and Pteris cretica, both As tolerant species, exhibited greater sensitivity to 
DMAA than AsV (Huang et al., 2008). The disparities may be due to interplant variation in 
uptake and distribution of different As species (Raab et al., 2007b). 
This review of literature will specifically focus on the uptake and metabolism of AsV as it 
represents the predominant form of As in aerobic soils. Being a chemical analogue to P, 
absorbed AsV competes with P to uncouple the phosphorylation pathway, forming unstable 
ADP-As molecules and ultimately disrupting the energy flow within cells. According to 
Carbonell et al. (1998a), AsV inhibits shoot translocation of nutrients and hinders seed 
germination at severely toxic conditions. Arsenite toxicity arises from its strong affinity for 
thiol (sulfhydryl) groups, reacting with plant enzymes and tissue proteins to inhibit cellular 
function (Meharg and Hartley-Whitaker, 2002). Toxicity pathways for organic arsenicals are 
still not clearly understood and fall outside the scope of this review (Meharg and Hartley-
Whitaker, 2002).  
2.4.3 Arsenic uptake 
Mechanisms for plant uptake of As vary between different As forms (Fitz and Wenzel, 2006). 
Because of its chemical similarity to P arsenate is actively taken up by plants via P transfer 
systems (Fitz and Wenzel, 2006). Arsenate uptake rate, like that of P, displays a hyperbolic 
relationship against increasing AsV concentration in solution, with high affinity uptake at low 
external concentrations down-regulating to low affinity uptake as solution concentrations 
increase (Asher and Reay, 1979, Abedin et al., 2002). Being an active process, uptake of AsV 
is pH dependent, increasing with decreasing pH (Meharg and Macnair, 1991).  
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Nutrient studies have shown that AsV uptake rate is dramatically reduced upon introduction of 
P, while AsV exhibits little influence on P nutrition (Asher and Reay, 1979, Meharg and 
Macnair, 1991, Abedin et al., 2002). Interestingly, inhibition of AsV absorption decreases with 
increasing P concentrations, suggesting that AsV uptake cannot be completely suppressed by 
enhancing P concentrations in the nutrient solution (Asher and Reay, 1979). Arsenic toxicity 
to wheat plants grown in nutrient solutions was found to be a function of soluble P, with plant 
biomass directly related to the solution P/As ratio (Hurd-Karrer, 1939). Therefore, under 
nutrient solution conditions, external P concentrations exert a dominant effect on the uptake 
of arsenate. 
Unlike AsV, plant uptake of AsIII is independent of soluble P concentrations (Abedin et al., 
2002). Studies investigating its uptake kinetics from nutrient solutions have indicated that like 
that of AsV, absorption of AsIII is an active process, exhibiting both low affinity and high 
affinity systems, characteristic of energy dependent and selective transport sites (Abedin et 
al., 2002, Asher and Reay, 1979, Bienert et al., 2008). A recent experiment has directly shown 
that a group of aquaporins, more specifically the Nodulin26-like intrinsic proteins (NIPS), can 
mediate bi-directional AsIII transport across cell membranes (Bienert et al., 2008). Bienert et 
al. (2008) cloned various plant NIPs into yeast, and measured the growth of synthesised yeast 
cells subjected to either AsV or AsIII substrates. Expression of NIPs increased sensitivity of 
yeast in an AsIII medium, but boosted yeast growth in an AsV medium. The latter was 
attributed to an active efflux of AsIII following the biochemical reduction of absorbed AsV to 
AsIII.  An active efflux of AsIII was also observed in maize plants by Xu et al. (2007) 
following exposure to AsV in nutrient solutions. 
Uptake mechanisms for organic arsenical species are still unknown and data for relative 
uptake rates of arsenical species are scarce and variable. Organic As species, notably 
monomethyarsonic acid (MMAA) and dimethylarsinic acid (DMAA), are absorbed at 
substantially slower rates from nutrient solutions in comparison to inorganic As (Abedin et 
al., 2002). Similarly, the relative rates of As assimilation by a wetland grass species were: 
DMAA < MMAA < AsV < AsIII (Carbonell et al., 1998a). In contrast, Marin et al. (1992) 
reported that uptake of As species by 2 rice cultivars occurred in the order of DMAA < AsV < 
MMAA < ASIII. In the soil environment, where plant uptake is usually diffusion limited, 
relative uptake rates are likely to be influenced by adsorption-desorption reactions and 
solution composition (Fitz and Wenzel, 2002). For instance, while inorganic species display a 
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greater sorption affinity for mineral surfaces the organic species generally make-up a minor 
component of As in soil pore water (Száková et al., 2005, Wenzel et al., 2002).  
2.4.4 Plant distribution of accrued As 
Both inorganic and organic As species are found in plants exposed to inorganic As, with 
inorganic species generally comprising the dominant fraction (Ruiz-Chancho et al., 2008, 
Quaghebeur and Rengel, 2003). It remains unresolved if organic species found in plants are 
metabolic products or represent species directly taken up from the solution (Meharg and 
Hartley-Whitaker, 2002). While ability to metabolise organic As from inorganic species exists 
in a range of organisms, mechanisms for methylation of inorganic As has not been 
demonstrated convincingly in plants. It is possible that coincidental metabolism occurs within 
plants, involving constitutive enzymes and processes (Meharg and Hartley-Whitaker, 2002).  
Arsenic shoot to root ratios are dependent on solution As species, P status, and As induced 
stress, but overall the absorbed As remains prevalently in plant roots (Raab et al., 2007b, Cox 
et al., 1996). The proportion of As translocated to shoots was reduced by P addition in wheat 
plants grown on soils irrigated with As-enriched water (Pigna et al., 2008). Other observations 
have led to a suggestion that plants suffering As stress are less capable of moving As from 
roots to shoots (Meharg and Macnair, 1991). It should be noted that while the rate of plant As 
assimilation is hindered by P, by ameliorating the disruptive effects of AsV an adequate P 
supply will increase the absolute accrual of As from the external medium (Cox et al., 1996, 
Pigna et al., 2008). 
Root to shoot transfer varies considerably between different As forms and plant species (Raab 
et al., 2007b, Huang et al., 2006). It has been shown that MMAA and DMAA are capable of 
inducing plant toxicity at lower concentrations than inorganic As species (Meharg and 
Hartley-Whitaker, 2002). This trend has been attributed to a greater upward movement of 
organic As species from plant roots to shoots in comparison to AsV and AsIII (Marin et al., 
1992, Carbonell et al., 1998a). Raab et al. (2007b) assessed the upward movement of As in 46 
different plant species exposed to AsV, MMAA or DMAA in nutrient solutions. Both the 
organic As species, on average, exhibited a higher translocation to shoots, with the median 
root to shoot ratio for dimethylarsanate being 10 fold higher than that of AsV (Raab et al., 
2007b).  
Uptake and distribution of macro-nutrients and macro-nutrients is affected in plants exposed 
to As. Contrasting results have been reported on the influence of As on plant nutrition: while 
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in general As toxicity has a deleterious effect on plant nutrition, a positive correspondence 
between As exposure and plant nutrient status has also been reported (Carbonell et al., 1998a, 
Liu et al., 2008).  While the number of experiments is limited, Ca and Mg plant contents 
appear to be enhanced under As exposure (Liu et al., 2008, Carbonell et al., 1998a). Enhanced 
shoot Ca is frequently observed in plants exhibiting stress from heavy metal exposure, 
possibly contributing a detoxifying function (Carbonell et al., 1998a). Liu et al. (2008) 
observed greater Ca and Mg levels in shoots and roots of winter wheat with increasing As 
concentrations, with greater proportion of both nutrients transferred to shoots. The results are 
generally not directly comparable, as it is difficult to distinguish the influence of As induced 
stress on nutrient status, from the influence of nutrient status on As uptake and translocation.  
2.4.5 Arsenic metabolism 
Mechanisms involved in uptake and metabolism of AsV by plants are well established 
(Meharg and Hartley-Whitaker, 2002). Upon absorption, AsV is readily reduced to AsIII in a 
reaction catalysed by the AsV reductase enzyme (Pickering et al., 2000, Wang et al., 2007). 
This reductive ability appears to be constitutively expressed in all plants studied so far 
(Meharg and Hartley-Whitaker, 2002).  It has been suggested that while plants exposed to 
AsV are capable of reducing it to AsIII, the consequential oxidative stress will be the 
predominant mode of toxicity (Meharg and Hartley-Whitaker, 2002). Antioxidant enzymes 
and molecules, like superoxide dismutase, peroxide dismutase, catalyses, ascorbate peroxide, 
glutathione reductase, ascorbate and glutathione, are efficient in reducing reactive oxygen 
species (Hartley-Whitaker et al., 2001a, Meharg and Hartley-Whitaker, 2002, Wang et al., 
2007). Activities and concentrations of antioxidant enzymes and molecules respond positively 
to oxidative stress induced upon AsV exposure (Mascher et al., 2002, Hartley-Whitaker et al., 
2001a). Wang et al. (2007) found that ability of wheat plants to control the oxidative stress 
arising from AsV exposure was reduced when plants were experiencing P deficiency. 
Further metabolism of As occurs through complexation of AsIII with thiol peptides, most 
prevalently phytochelatins (PC), but also its precursor glutathione and their homologues 
(Hartley-Whitaker et al., 2002). Phytochelatin synthesis is a known response to metal and 
metalloid stresses. Plant PC production and concentration of As-PC complexes are positively 
related with As exposure, suggesting that phytochelatin synthesis is a constitutive detoxifying 
mechanism (Meharg and Hartley-Whitaker, 2002). While PC-AsIII complexes are unstable at 
neutral pH conditions of the cytoplasm, it is thought that complexes are sequestered in 
vacuoles where they are stable under acidic conditions. Spectroscopic examinations of plant 
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tissue have shown that cellular AsIII is co-ordinated to three sulphur (S) ligands, and a range 
of complexed As species has been identified (De La Rosa et al., 2006).  
The significance of PC synthesis and PC-As chelation in detoxification of plant As is still 
under debate (Raab et al., 2007a, Bleeker et al., 2006). While phytochelatin synthesis has 
been proposed as a constitutive As detoxification mechanism, the complexed AsIII species 
make up a minor proportion of total plant As (Raab et al., 2005). Additionally, the 
relationship between total to complexed plant AsIII is reported as non-linear and 
concentration-dependent, with phytochelatin synthesis inhibited at high As loadings (Raab et 
al., 2007a, Schulz et al., 2008). However, the differences in As sensitivity between six non-
tolerant plant species grown in sand cultures was related to production of PCs, with relative 
tolerance dependent on chain length of PCs synthesised (Schulz et al., 2008). In summary, PC 
synthesis can be considered as a supplementary detoxification process, varying in importance 
between plant species (Bleeker et al., 2003).  
With AsV being an analogue of a macronutrient, unless plants are equipped with a modified P 
uptake system or a highly efficient AsIII efflux mechanism, they will invariably tend to 
assimilate AsV even with a stronger uptake preference for P (Meharg and Hartley-Whitaker, 
2002). A tolerance mechanism expressed by many non-hyperaccumulating plants is 
suppression of As uptake, in particular down-regulation of the less selective high affinity 
uptake system (<0.1 mM As l-1) (Meharg and Hartley-Whitaker, 2002, Bleeker et al., 2003). 
Arsenic resistance in tolerant H. lanatus L. clones is partially due to inhibition of the high-
affinity P transport (Meharg and Macnair, 1990).  However, persistent uptake of AsV over 
long periods of time in both non-tolerant and tolerant H. lanatus L. clones under P sufficient 
conditions indicates that reduced AsV uptake is not the sole mechanisms for As resistance 
(Quaghebeur and Rengel, 2003). It is possible that reduced uptake allows for constitutive 
mechanisms to more effectively detoxify As (Quaghebeur and Rengel, 2003, Hartley-
Whitaker et al., 2001a). Differences between the high and low affinity P/As transport systems 
may not be as dramatic in soils as observed in nutrient solutions. In soil, plant uptake rates are 
likely to be limited by the diffusional transport of solutes to the root surface, as opposed to the 
transport across the root plasma membrane. 
Another mode of As tolerance is the active efflux of cellular AsIII following the reduction of 
absorbed arsenate. Rapid change of As compounds in nutrient solutions, from AsV to AsIII, 
was observed in hydroponic corn and rice cultures (Xu et al., 2007). The majority of AsV 
applied initially was reduced to AsIII within 24 h, the change in species distribution attributed 
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to reduction and active efflux of AsIII by plant roots (Xu et al., 2007). The effectiveness of 
AsIII efflux as a detoxification process has not been evaluated in soils. Active AsIII efflux may 
not be a significant tolerance mechanism for plants growing in soils as plant AsV and AsIII 
uptake rates are not too dissimilar and AsIII is readily oxidised to AsV in aerobic soils. 
2.4.6 Soil-plant interactions 
Fortunately most plants grown on As contaminated soil encounter toxicity without 
accumulating As to levels considered unsafe for animal and human consumption, owing to its 
high toxicity and low shoot to root ratios. Consequently, plant productivity has been the 
prevalent concern of As impacted soils. Adverse effects of high soil As were first observed on 
a large scale when orchards with lead arsenate treatment histories were converted to arable 
use, with high surface build up of As rendering soil infertile (Merry et al., 1983). Recently, 
studies have advised caution against the general observation that crops do not accumulate 
hazardous levels of As, their results showing that under certain conditions edible plants and 
forage crops are capable of absorbing significant levels of As (Gulz et al., 2005, Huang et al., 
2006).  
Assessment of the risk to either plant productivity or As uptake requires an understanding of 
factors controlling the soil availability of As. Conceptually, a phytoavailable fraction is the 
proportion of the total soil As concentration that, in a given time span, is either available or 
can be made available for uptake by plants (McLaughlin et al., 2000). It is generally accepted 
that plant roots are in direct contact with the soil aqueous phase and are therefore only able to 
uptake the dissolved metal species present in the solution (Marschner, 1995). To elicit a 
pathogenic response or to accumulate within an organism, a solute must either interact with 
the surface of a membrane or pass through it. The soil phytoavailable fraction is thought to 
include both the immediately soluble, and the kinetically labile As content. The 
phytoavailable As fraction is affected by soil’s sorption-desorption kinetics, P interaction and 
also soil-plant processes occurring in the rhizosphere environment (McLaughlin et al., 2000).  
Arsenic is sparingly soluble in soil, reflecting the characteristically slow reversibility of 
adsorption and the hysteretic nature of sorption-desorption reactions. Quantifying typical 
ranges of soil pore water As concentrations has not been an objective of many investigations 
(Wenzel et al., 2002, Száková et al., 2005). with the exceptions of dry environments and 
neutral and alkaline soils, the water-soluble As (1 M NH4Cl-extractable As) was in general 
confined below limits of detection in 56 naturally contaminated surface soils  (Woolson et al., 
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1971a). Water soluble As concentrations decrease rapidly following As additions, with rates 
of decrease influenced by soil adsorption characteristics, pH and P content (Woolson et al., 
1973, Woolson et al., 1971a, Woolson, 1973, Song et al., 2006).  
Phytotoxicity likewise decreases with incubation time, with Song et al. (2006) reporting that 
effective total As concentrations producing a 50 % reduction in barley root elongation (EC50) 
increased 2 to 3.5 fold in four soils over 3 months, with the extent of aging correlated 
positively with oxalate extractable Fe and Olsen P. Soil differences in adsorption-desorption 
kinetics and aging were reflected when corn plants were grown at different equilibration 
times, with growth of plants in the sandy loam soil improving with time but with no 
differences in growth observed in the silty clay loam (Woolson et al., 1973).  
Traditionally, nutrient solution studies have used both As and P treatments that exceed typical 
conditions observed in soils, cautioning the applicability of their observation (Cox et al., 
1996). More crucially, nutrient studies may overvalue the role of uptake kinetics over soil-
plant interactions in determining As assimilation by plants (Fitz and Wenzel, 2002). As well 
as the total soil pore water content, the speciation of soluble As, controlled by solution 
composition, pH, redox conditions and microbial activity, will influence its immediate 
availability to plants.  
2.4.6.1 Relation of As toxicity/uptake to physiochemical soil properties 
Phytotoxic As concentrations, determined in terms of total soil-borne As, of both pot and field 
trial experiments display a considerable variation between soils: exhibiting a range that 
overlaps concentrations that in other instances have been observed as beneficial and 
approaches background concentrations, even when same plant species are considered 
(Sheppard, 1992). With phytotoxicity potentially occurring at soil concentrations marginally 
above the background levels the risk to plant growth from As contamination is indeed 
significant. Apart from recently spiked soils, the total soil-borne As content is generally not a 
suitable predictor of As phytoavailability and toxicity (Huang et al., 2006, Gulz et al., 2005). 
Sheppard (1992) found no correlation between soil As content and growth effect or plant As 
content after grouping available data from pot and field experiments together. 
Limitations of total soil As in predicting plant available As content is attributed to the 
influence of soil physiochemical properties (Fitz and Wenzel, 2006). In reviewing the 
phytotoxic data from a number of experiments Sheppard (1992) found that As phytotoxicity 
correlated significantly with soil texture, with inconsistencies in methodology between 
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different studies preventing more detailed analysis. Experiments conducted on a sample of 
different soils frequently report poorer plant growth in light textured soils in comparison to 
heavier soils, for a given As treatment (Woolson et al., 1973, Woolson et al., 1971a, Jacobs 
and Keeney, 1970). For example, phytotoxicity of spinach, green beans, lima beans, radish, 
tomato and cabbage was greater in a sandy soil than in a silty clay loam amended with 500 
mg/kg of As (Woolson, 1973).  
While clay minerals do not have a particularly strong affinity for retaining As, oxides and 
hydroxides of Fe and Al are strongly associated with phyllosilicate minerals (Fordham and 
Norrish, 1979). A bioassay carried out on soils with a large variation in reactive Al content (1 
M NaOH-extractable) amended with 670 mg/kg of As showed that plant growth was a 
function of Al content, with no direct correlation between plant growth and reactive Fe 
content (Woolson et al., 1971a). In a different study, growth repression of corn plants in a 
sand culture was alleviated by introduction of goethite (1 g/kg), with solution P/As increasing 
through preferential adsorption of AsV over P (Vetterlein et al., 2007). Song (2006) conducted 
a standardized barley root elongation assay on a sample of 16 European soils amended with 
As and found that variation in toxicity measures between different soils was significantly 
correlated to oxalate extractable Mn oxides, clay content and to some extent oxalate 
extractable Fe (r2 > 87 %). Ammonium oxalate extractable Al was not correlated to 
differences in toxicity measures between the soils studied, and neither was soil pH (Song et 
al., 2006). It is suggested that the effect of increasing As solubility with increasing pH is 
restrained by the reduced plant uptake under higher pH conditions (Song et al., 2006). 
2.4.6.2 Soil-plant arsenic/phosphorous interactions 
As opposed to nutrient solutions, P is expected to exert a dual effect on the soil availability of 
As. While competing with AsV for plant uptake sites, in soil P also reduces the sorption of 
AsV and enhances its release (Song et al., 2006). Adsorption studies have shown that P and 
AsV display differential affinity for individual soil minerals, however experiments carried out 
on soils generally show that P is preferentially adsorbed in relation to AsV. Competition 
between As and P has been addressed in Section 2.2.2, but essentially it is dependent on 
mineral surface characteristics, residence time and addition history. It should be noted that up 
to 70% of total soluble soil P can be in the organic form, and its interactions with As in the 
soil-plant environment have not been scrutinised (Fitz and Wenzel, 2002). 
Improvement of wheat growth in P amended treatments was observed in a clay loam and two 
sandy loams spiked with As (Hurd-Karrer, 1939). Sandy loam soils were more sensitive to 
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both As and to the ameliorating effect of P. Plant mortality occurred in a sandy soil amended 
with 50 mg/kg of As without P, while addition of 200 mg/kg of P produced plants 
indistinguishable from controls (Hurd-Karrer, 1939). In contrast, application of P to As-
enriched soil with a high P status produced a reduction in shoot mass of apricot rootstocks at 
all but the highest P treatment (Creger and Peryea, 1994). In a separate study a lower corn 
growth and higher As assimilation observed in a P and As treatment compared to an As only 
treatment was attributed to an enhanced available soil As content (Jacobs and Keeney, 1970). 
Creger and Peryea (1994) cite unpublished data where growth of apple trees on As 
contaminated soils was initially retarded by P treatment, but improved in the later growing 
seasons to exceed that of P unfertilised treatments.  
Phosphate addition, either simultaneous or subsequent to As input, inevitably leads to greater 
soluble AsV concentrations, producing a negative feedback effect on the available P/As ratio. 
It is therefore not surprising that simultaneous applications of both P and As to soils have 
produced variable effects on As toxicity, with negative, beneficial and neutral effects 
observed, while invariably leading to greater absorption of As by plants (Hurd-Karrer, 1939, 
Cox et al., 1996, Woolson et al., 1973, Jacobs and Keeney, 1970, Creger and Peryea, 1994). 
The natural variability of properties influencing the As-P dynamics in soil make the simple 
As-P interactions observed in nutrient solutions more difficult to interpret (Geng et al., 2006, 
Hurd-Karrer, 1939). Therefore the effect of P applications on the As toxicity will be 
determined by soil properties mediating the availability of P to As. This is reflected when 
instead of the absolute or relative amount of P added the resulting indices of available soil As 
and P ratios are considered. For instance, Carrow et al. (1975) concluded that P additions 
exerted no affect on growth of grasses when the plant yield was compared to the different As 
and/or P treatments. Reassessment of the data published in the paper shows that grass yield 
was influenced by the available soil P/As ratios (Figure 2.4.1).  
A small number of studies have observed that influence of P on As phytotoxicity is reflected 
in soil available P to As ratios, albeit these experiments have only considered two or three 
divergent soils (Woolson, 1973, Woolson et al., 1973).  In a study examining the As-P 
interaction, addition of P exerted contrasting effects on As toxicity in the two soils 
considered: ameliorating the toxicity in a clay loam and further suppressing plant growth in a 
sandy loam (Woolson et al., 1973). Available soil As and P determinations revealed that As 
was more readily adsorbed than P in the clay loam soil, with highest growth observed at an 
available P:As ratio of 6.8.  Availability of As or P in the sandy loam soil was not determined, 
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but the authors attributed enhanced toxicity to its lower fixing capacity and higher relative 
affinity for P, expecting the P:As ratio not to differ from 1 (Woolson et al., 1973).  
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Figure 2.4.1. Total yield of thee grass species versus the available soil P/As ratios following application of 
As (0 - 3.53 kg/m2) and/or phosphorous (0 - 5 kg/m2). Solid lines represent the fitted 3 parameter sigmoid 
curves. Data was published in Carrow et al. (1975).  
The only study evaluating the effect of P addition on soil-plant As-P interactions across a 
wide range of soil types has shown that its influence is weak, and dependent on soil pH and 
seasonality (Benson, 1953). No consistent relationship was observed between soil As/P ratios 
and plant growth, and upon P application barley As toxicity was alleviated in only 7 out of 17 
toxic soils, with the largest improvements occurring on the most acidic soils (Benson, 1953). 
However, for one of the soils responding beneficially to P addition in the greenhouse 
experiments, there was no observable effect under field conditions (Benson, 1953).  
2.4.6.3 Estimating phytoavailable As 
2.4.6.3.1 Soil Extractions 
A number of studies have evaluated how different chemical extractants relate to soil As 
phytoavailability and phytotoxicity (Huang et al., 2006, Anawar et al., 2008, Gulz et al., 
2005). The extracting reagents are designed to remove a specific fraction of total soil As, 
operationally characterising either the labile As pool or the proportion of As associated with a 
certain soil mineral phase. Consequently the extractions aim to represent either the As 
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immediately available to plants or that plus a pool that may be kinetically available. Reagents 
tested include weak electrolytes, small molecular weight organic acid mixtures representative 
of plant exudates, adapted available P reagents, sequential extraction fractions and various 
acids mixtures (Huang et al., 2006, Anawar et al., 2008, Gulz et al., 2005). 
Less aggressive determinations of soil As have consistently been reported as superior 
predictors of phytotoxicity compared to total soil As in experiments conducted on a limited 
number of soil types (Woolson et al., 1971b). The first steps of operatively based sequential 
extractions procedures, conceptually representing the non-specifically and specifically bound 
As, and various reagents for assessing availability of P have been successfully utilised in 
estimating phytoavailable As (Száková et al., 2005, Huang et al., 2006, Woolson et al., 
1971a). For instance, the most consistent predictor of As content in field collected plant 
species growing in soil impacted by mining was sodium acetate (1.0 M NaAc in acetic acid), 
followed by a mixed acid extraction (0.05M H2SO4, 0.025M HCl) (Anawar et al., 2008). 
Ammonium nitrate extractable As, representing the immediately available As in a 
fractionation scheme, correlated most favourably with both shoot and root As content of 
alfalfa plants grown in soil samples collected from the same mining areas (Anawar et al., 
2008).  Mixed acid extractable As was linearly related to both the growth suppression in six 
vegetable crops (r2 = 0.64 – 0.83) and to plant absorbed As (r2 = 0.49 – 0.93) in three dosed 
soils (Woolson, 1973).  
The predictive efficiency of various single extraction schemes is less clear when a greater 
range of soil types is considered, with studies of this type rare and so far inconsistent (Song et 
al., 2006). Indices of phytotoxicity calculated based on the As concentrations extracted by 
NH4SO4 (0.05 M) and/or NH4H2PO4 (0.05 M) varied significantly between different soils, 
and while the phytoavailable fraction lay somewhere between the two fractions, toxicity was 
more successfully predicted by inclusion of soil properties (Song et al., 2006). Soil As 
determined from a number of extractions, including sodium acetate and Bray P, failed to yield 
a significant relationship with plant growth in 17 naturally contaminated soils (Benson, 1953). 
In comparison, a bioassay experiment conducted on 29 As contaminated soils found Olsen 
extractable As (0.5M NaHCO3) as the best single predictor of plant growth reduction (r2 = 
0.82), followed by the mild acid extraction (r2 = 0.81) (Woolson et al., 1971b).  
In view of the numerous factors influencing both uptake kinetics and soil dynamics of As, it is 
unlikely that a single extraction can function as a consistent predictor of As uptake and 
toxicity across different soil conditions. Soil As indices are generally better correlated to As 
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content of plant roots as opposed to shoots (Vázquez et al., 2008). The logistical difficultly in 
completely removing soil particles and solutes adhering to roots can positively prejudice the 
measure of As taken up by plants. However, as stated earlier, plant As distribution is affected 
by the induced stress and P nutrition. Additionally, the assimilation of As in moderately to 
severely contaminated conditions may be dominated by the plant uptake kinetics. For 
example, relationships between total soluble As concentrations and As absorbed by corn, 
ryegrass, sun flower and rape plants grown on two As amended soils was non-linear, 
approximating  hyperbolic behaviour analogous to plant As uptake rates and characteristic of 
saturation kinetics (Gulz et al., 2005). However, their value for predicting the immediate or 
long term soil As availability has been demonstrated.  
2.4.6.3.2 Resins and Gels 
Plant available As will also be related to solid-solution kinetics, speciation of As in the soil 
solution and the diffusional transport of As within the soil system (Miao and Naidu, 2006). 
With soluble As concentrations low compared to the total soil-borne As, the capacity of the 
solid phase to replenish the soluble concentrations will control the long-term availability of 
As to plants. Chemical extractions do not provide information regarding the time-dependent 
influence of sorption-desorption and transport processes. Diffusion gradients in thin films 
(DGT) present a novel concept for estimating phytoavailability, a technique capable of 
accounting for replenishment of soil solution by the kinetically labile solid phase and also for 
the diffusional transport of elements within the soil aqueous phase (Zhang et al., 2001).  
Analogous to plant uptake, the DGT system operates by causing a localised reduction of 
solute concentrations in the immediate solution, and in situations where the diffusive flux of 
metals to the plant root is limiting relative to the rate of uptake across the root membrane, the 
DGT is likely to act as a physiochemical surrogate for plant metal uptake (Zhang et al., 2001). 
The DGT technique causes minimal perturbation of the soil, operating near saturated 
conditions it is therefore easily comparable across different investigations (Hooda et al., 
1999). The technique has been adopted and tested for use with oxyanions, including arsenate 
(Panther et al., 2008, Sogn et al., 2008). So far it has not been used for evaluation of As 
phytoavailability, but it has been applied for cationic heavy metal species with favourable 
results (Zhang et al., 2001, Fitz et al., 2003). 
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2.4.6.4 Rhizosphere effects 
Within the rhizosphere, soil properties and processes that influence the phytoavailability of As 
may differ to that of the bulk soil environment. How As availability is influenced by soil-plant 
interactions at the micro spatial scale has not been extensively investigated. Recent 
experiments using micro-compartment approaches have highlighted the importance of 
rhizosphere processes in As soil-plant dynamics (Fitz et al., 2003, Vetterlein et al., 2007). 
Factors potentially affecting availability of AsV in the rhizosphere are pH, electron activity, 
plant nutrition, especially Fe and P acquisition mechanisms, microbial activity and 
mycorrhizal interactions. Additionally, given the limited domain of biological activity, the As 
desorption kinetics are likely to alter with time within the rhizosphere, in comparison to that 
of bulk soil; As rhizosphere fluxes are expected to reduce with increasing As uptake (Fitz et 
al., 2003). 
Rhizosphere pH can vary by as much as two units from the bulk soil pH, influenced by the 
balance of nitrogen supply, nutritional status of the plants (particularly Fe and P demand), 
CO2 production and solid phase resupply (Fitz and Wenzel, 2002). The rhizosphere is an 
active environment, with organic compounds continually exuded by plant roots and micro-
organisms. Plants experiencing P deficiency enhance exudation of carboxylic acids into the 
rhizosphere, leading to release of adsorbed P via both competition for sorption sites and 
dissolution of solid minerals (Fitz et al., 2003, Vetterlein et al., 2007).  
Reduction of pH was observed in the rhizosphere compartment of corn plants growing in an 
As amended sand medium spiked with goethite (Vetterlein et al., 2007). The initial profile of 
soluble As concentrations across the rhizosphere, root and soil compartments remained 
unchanged throughout the 32 days of the experiment, while in contrast P concentrations 
increased markedly in the rhizosphere and root compartment of the lowest goethite treatment 
(1 g/kg) (Vetterlein et al., 2007). It was stipulated that plant exudation of organic acids 
induced mobilisation of P but not of As, with P release only occurring in a treatment with 
high surface loading. The preferential sorption of AsV to P on goethite, and ability of low 
molecular weight acids to release P but not AsV from goethite surfaces are consistent with 
previous experiments on mutual interactions of AsV, P and organic acids on Fe surfaces 
(Geelhoed et al., 1998, Grafe et al., 2001).  
Mycorrhizal associations, the mutual relationships between fungi and plants, play an 
important role in plant nutrition and tend to be widespread on As contaminated soils. One of 
the main benefits of mycorrhizal associations for the host plant is the enhanced P acquisition. 
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This function could also affect the availability and assimilation of AsV (Fitz and Wenzel, 
2002).  
Experiments have consistently observed an increase in As resistance in plants infected by 
arbuscular mycorrhizal (AM) fungi (Ultra et al., 2007b, Gonzalez-Chavez et al., 2002, Bai et 
al., 2008). It is likely that intrinsic tolerance mechanisms of fungal symbionts are conferred to 
their host plants, resulting in enhanced supply of P in relation to AsV. Liu et al. (2005b) 
reported higher shoot and root P/As ratios in AM inoculated tomato plants compared to 
controls. Increase in water soluble AsIII and detection of organic (methylated) As species in 
the rhizosphere compartment of AM inoculated sunflower plants grown in sterilised soil was 
attributed to detoxification of AsV via biotransformation and efflux by mycorrhizal roots 
(Ultra et al., 2007a). Similarly, Sharples et al. (2000) showed that As tolerance in Calluna 
vulgaris is mediated by a fungal symbiont Hymenoscyphus ericae, enabling the plant to 
successfully colonise mine impacted soils.  Rapid efflux of AsV was identified as the As 
tolerance mechanism in the resistant Hymenoscyphus Erica (Sharples et al., 2000). The 
biological efflux of AsIII, both from fungi and plant roots, may in turn influence the speciation 
of As in the rhizosphere, depending on the properties of Mn oxides and the activity of 
microbes capable of oxidising arsenite. 
Both increases and decreases of plant As content have been observed in plants infected with 
AM fungi (Liu et al., 2005b, Chopra et al., 2007, Bai et al., 2008). Some experiments have 
attributed the enhanced As adsorption and higher shoot to root ratios to enhanced P status and 
alleviation of stress (Chen et al., 2007). Plant As uptake is likely to be dependent on the 
specific host plant-symbiont association, especially on the particular tolerance mechanisms of 
the fungal symbiont. 
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2.4.6.5 Summary: influence of soil properties on soil As availability 
The sections on uptake and metabolism of soil As have illustrated the complex interactions of both plant 
and soil specific controls in determining As’s accrual and toxicity in plants. In their summary of the 
important soil and plant controls on As availability Fitz and Wenzel (2006) introduced a schematic 
diagram reproduced in  
 
 
Figure 2.4.2: it characterises the differential availability of solid phase As, the role of P and 
low molecular organic acids in competing or solubilising solid phase As, and also the 
inhibitory effect of P on the uptake of As across the root plasma membrane. The diagram does 
not consider the fate of As taken up by plants, such as the potential reduction and subsequent 
exudation; however it does provide for the dominant influences on the availability of As, and 
as such is a useful template for exploration of the soil properties that may lead to a simple 
quantification of the bioavailable soil As.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4.2. Conceptual schematic of soil and plant controls on the availability of As in aerobic soils. 
Appears as Figure 3. in Fitz and Wenzel (2006). 
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3 Methodology 
3.1 Sample inventory and site selection 
The department held nine soil samples previously collected from sheep dip sites in the 
Waikato region. Documentation accompanying these in-house samples included minimal 
descriptions of sample locations, not specifying whether samples were collected from a single 
or multiple dip sites. In addition seven samples collected by Marlborough District Council 
from a former sheep dip site in its region were received by the department in 2007. 
Six further former sheep sites were sampled in Marlborough and Canterbury regions between 
November 2007 and January 2008. These sites, four located in Marlborough and two in 
Canterbury, were identified by the respective regional authorities. At the time of sampling no 
information was available about the history of chemical use at the sampled sites. Two of the 
sites were dip baths, two were spray dips and the remaining two were foot baths.  
3.2 Soil sampling, preparation and analysis 
At each site, soil sampling locations were chosen with an aim of producing a well distributed 
range in potential contaminant As concentrations. Site plans are appended in Appendix A. 
Generally the greatest sample density was within 1m of the sheep dip structures, with fewer 
samples collected from greater distances. Drains and disposal areas were sampled where 
identifiable. Surface soil samples, with approximate dimensions of 0.1m by 0.1m by 0.1m, 
were collected using a stainless steel spade. Care was taken to avoid cross-contamination by 
regularly cleaning the spade. Following collection the samples were air dried, before being 
manually ground and passed through a 2 mm sieve.  
In total 55 samples were collected, giving a total number of 70. In order to produce a 
manageable sample pool for the project’s experiments, the total sample size was screened 
based on total soil As contents, reducing the number to 30.  
3.2.1 Sample characterisation 
All reagents and chemicals used in experiments were of analytical grade. Reagents and 
extractions were made up in deionized water (1.8 MΩ, Milli-Q system). All glassware and 
plastic equipment was acid-washed before and after use, consisting of soaking equipment in 
5% HCl for at least 4 hours, followed by rinsing it three times in reverse osmosis water and 
three times using deionised water. Unless otherwise indicated all analyses were carried out in 
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duplicate with a reagent blank included in each run. The Montana reference soil (SRM 2711) 
was included in all extraction experiments, and where possible comparison with published or 
certified results was made. 
A microwave-assisted aqua regia (1:3 nitric : hydrochloric acid ratio) digestion method was 
used for determining total recoverable Al, As, Ca, Fe, P and Mn soil content (Tighe et al., 
2004). Samples collected from foot troughs sites were additionally analysed for Zn and Cu. A 
soil sample weighing 0.50 g was digested with 12 ml of aqua regia mixture in sealed vessels. 
The selected microwave digestion program consisted of maintaining vessels at a temperature 
of 180°C for 15 minutes (Milestone Ethos SEL). Digested products were filtered (Whatman 
52, hardened), vessels rinsed three times and made up to a final volume of 25 ml. 
Soil pH was measured in water (1:2.5) in accordance with methods detailed in  Blackmore 
(1987), using a Mettler-Toledo SevenEasy pH Meter equipped with a Mettler Toledo 
Inlab®413 electrode. Cation exchange capacity (CEC) and base saturation (BS) were 
determined using the silver-thiourea method (Blackmore et al., 1987). Total carbon and 
nitrogen contents were determined using a dry combustion technique (LECO CNS-2000 
Analyser). Total carbon was assumed to be equivalent to organic carbon as soils were non-
calcareous. Organic matter content was estimated from organic carbon content using a 
conversion factor of 1.9 (Swift, 1996). Particle size analysis was carried out using laser 
diffraction (Mastersizer 2000). Available soil P was assessed using 0.5 M NaHCO3 (pH 8.5) 
extraction (Olsen-P), with extractants analysed for both As and P (Watanabe and Olsen, 
1965). Amorphous and crystalline Fe and Al oxide fractions were determined in conjunction 
with the sequential extraction of soil As, detailed below. Briefly, amorphous Al and Fe were 
extracted using buffered 0.2M ammonium oxalate + oxalic acid reagent, shaken in the dark 
(Shuman, 1982, Shuman, 1985). Crystalline Fe and Al oxides were extracted under heat using 
the same reagent as their amorphous forms, with addition of ascorbic acid (Shuman, 1982, 
Shuman, 1985). Mn oxides were measured using extraction with hydroxylamine 
hydrochloride in HNO3 (pH 2) (Chao, 1972). The Olsen and the hydroxylamine extractions 
were analysed for As concentrations.  
3.2.1.1 Arsenic Fractionation 
A five step sequential extraction procedure developed specifically for As was carried out to 
operatively determine the solid-phase distribution of soil As (Table 3.2.1; (Wenzel et al., 
2001). The reagents and extraction conditions are detailed in Table 3. Like all sequential 
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extraction procedures the iterative steps were designed to sequentially liberate conceptually 
discrete and less labile As pools (Table 3).  
The first extraction step, 0.05 M (NH4)2SO4, represents the most labile As of the scheme, 
thought of as being the non-specifically adsorbed (Wenzel et al., 2001). The second 
extraction, 0.05 M NH4H2-PO4 targets the specifically adsorbed fraction displaceable by 
phosphate (Wenzel et al., 2001). Although not as easily released as the first fraction, the 
second fraction can also be considered as labile. The succeeding two steps target As bonded 
to amorphous and crystalline hydrous oxides, and the last fraction removes the residual 
fraction (Wenzel et al., 2001). 
Table 3.2.1.  Sequential extraction procedure for arsenic (Wenzel et al., 2001). 
Step Reagents Conceptual As pool 
1 0.05 M (NH4)2SO4; 4h shaking at 20 °C Non-specifically adsorbed 
2 0.05 M NH4H2PO4; 16h shaking at 20 °C Specifically absorbed 
3 0.2 M NH4-oxalate; pH 3.25; 4h shaking in the dark at 20 °C Bound within amorphous hydrous oxides 
4 0.2 M NH4-oxalate + 0.1 M ascorbic acid; pH 3.25; 30 min at 96 °C (water bath) in the light 
Bound within crystalline hydrous 
oxides 
5 Microwave-assisted digestion in aqua regia. Residual 
Note: All extractions are at a solid:solution of 1:25, except F5 (1:24). Steps 1-4 included a 30 min wash step using 
their respective reagents at a soil solution ratio of 1:12.5, with an exception of Step 4, which was washed using 
0.2 M NH4-oxalate at pH 3.25 in the dark. 
Briefly 1 g of soil and 25 ml of extraction reagent was used for Steps 1 to 4. The procedure 
was modified by including a 30 minute wash step (1:12.5 soil:solution ratio) following 
extraction steps 1 to 4. Following step 4, the partially digested soil was recovered, weighed 
and submitted to a microwave-assisted digestion. Extracts and wash steps were centrifuged 
(10 min, 10,000 rpm), filtered (Whatman 52, hardened) and made up to 50 ml. Samples were 
frozen pending analysis by inductive coupled plasma-optical emission spectrometry (ICP-
OES). In addition to As, extractions were analyzed for Al, Fe and Mn. 
The samples were also subjected to a low molecular weight organic acid extraction known as 
RHIZO, as per the procedure described in (Fang et al., 2005b). The extraction consisted of 
mixing 2 g of air-dried soil with 20 ml of reagent: a 0.01 M organic acid cocktail made-up of 
acetic, lactic, citric, malic and formic acids at a molar ratio of 4:2:1:1:1. The mixture was 
shaken for 16 h and then centrifuged (10,000 rpm, 10 minutes). The samples were filtered 
(Whatman 52, hardened) and stored frozen prior to analysis by ICP-OES. The extraction was 
carried out at the end of the project, and therefore it was only used in estimation of the plant 
available soil As; it was not considered in the in vitro As bioaccessibility or the plant toxicity 
data analyses. 
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3.2.1.2 Maximum water holding capacity (w/w) 
Cylindrical tubes (ID = 3.484 cm, height = 4.052 cm), one end sealed with a 1 mm root mash, 
were filled with air dried soil and placed in a tray. Water was added to the tray, applying a 
pressure head to the bottom of the tubes. Cylindrical tubes were removed once saturation was 
achieved, and the water content was determined on a weight-to-weight basis by drying the 
soils at 108 °C for 24 hours. 
3.3 Arsenic bioaccessibility 
The streamlined bioaccessibility extraction test (SBET), consisting only of the gastric phase 
compartment, was carried out for determination of As bioaccessibility (Kelley et al., 2002). It 
has been shown that extending the in vitro technique past the gastric phase does not 
significantly improve estimation of As in vivo bioavailability (Rodriguez and Basta, 1999). 
Soil samples were prepared by sieving to < 250µm size fraction, representing the particulate 
size fraction that adheres to fingers and is therefore prone to incidental ingestion (Rodriguez 
and Basta, 1999). The procedure involved extracting 1 g of contaminated soil with 100 ml of 
gastric solution (1:100 soil:solution ratio) for a duration of 1 hour. Gastric solution constituted 
0.400 M glycine, adjusted to pH 1.5 with concentrated HCl (Kelley et al., 2002). The gastric 
phase was incubated at 37 ºC under constant rotation of 40 rpm (Kelley et al., 2002). The pH 
of the gastric phase extraction was recorded both prior and at the completion of incubation, 
with the test repeated for changes in pH greater than 0.1 unit. Duplicate 20 ml subsamples 
were collected following extraction, filtered through either a 0.20 µm or a 0.45 µm cellulose 
acetate filter, and frozen until analysis by ICP-OES. 
Bioaccessible As was calculated by dividing the total soil As concentrations by the As 
concentration in in vitro extracts, and expressing the result as a percentage: 
 100
(mg/kg) As soil Total
(mg/kg) As bleBioaccessi SBET (%)bility bioaccessi As ×=  (0.1) 
3.4 Arsenic phytoavailability & phytotoxicity 
A seed germination and early growth bioassay was carried using wheat (Triticum aestivum L., 
cultivar Otane) as an indicator species. The bioassay adopted is a standard method for 
assessing seedling emergence and early growth of higher plants following exposure to a test 
substance in soil (Stevens, 2004). Visual assessment of seedling emergence and biomass, 
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above ground and below ground, were the two ecological endpoints measured. Plant As 
uptake was assessed using both above and below ground plant As content. 
Air-dried soil, 200 g per replicate, was placed into 250 ml food grade plastic pots (IDØ = 9 
cm). The trial was carried out in duplicate. It should be noted that due to low dry bulk density 
some soil samples did not allow for 200 g of soil to be accommodated in a pot. Not enough 
soil was held of a single sample (A2D) to produce two 200 g replicates. As the soil contained 
the highest concentration of As it was expected that toxicity would severely inhibit plant 
growth. The sample was therefore nonetheless replicated for the bioassay, with a considerably 
undersized duplicate: containing 120 g of soil. 
The viability and quality of the seed stock had been evaluated previously, with 22 seeds 
required for achieving the maximum germination of 20 seeds. Germination was calculated as 
the percentage of seeds that germinate under controlled conditions.  
Soil in the pots was equilibrated at 50 % MWHC for 5 days prior to seed planting using 
deionised water. Seeds were planted 1 cm deep into pre-equilibrated soil. Care was taken to 
distribute seeds equally across the soil surface during planting. To conserve moisture pots 
were loosely covered with gladwrap until seedlings began to emerge. Plants were germinated 
and grown in a growth chamber. The chamber was programmed for a 12 hour photoperiod 
with light intensity of approximately 400 µmol m-2 s-1. Day and night temperatures were 20 
°C and 15 °C respectively. Soil water content was maintained daily at 50 % MWHC 
throughout the experiment. Positions of pots was randomised every second day, while 
replicate pots were blocked. 
Germination success was evaluated on day 5 after planting. A count was made of germinated 
seedlings in each pot and expressed as a percentage of total seeds planted. On day 7, seedlings 
were thinned down to 10 plants per individual pot and further grown for 15 days. To increase 
biomass available for subsequent analysis no thinning was carried out for samples displaying 
signs of early toxicity.  
A dilute Ruakura nutrient solution was applied twice at a rate of 5 ml per pot in the 15 day 
period following thinning. Ruakura solution was prepared from two macronutrient stock 
solutions, having salt contents shown in Table 3.4.1. A Ruakura micronutrient stock was not 
used for the early growth bioassay. The dilute solution applied to the plants consisted of 200 
ml of each macronutrient stock made up to a final volume of 2.25 l. 
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Table 3.4.1. Salt composition of macronutrient stocks used for preparing Ruakura nutrient solution. 
Chemical (g l-1) 
Macronutrient stock A 
Mg(NO3)2 6H2O 4.94 
Ca(NO3)2.4H2O 16.78 
NH4NO3 8.48 
KNO3 2.28 
Macronutrient stock B 
KH2PO4, 2.67 
K2HPO4,  1.64 
K2SO4,  6.62 
Na2SO4,  0.60 
NaCl,  0.33 
 
Plants were harvested 21 days following planting. Pots were arranged and worked on 
graduating from lowest to highest in terms of total soil As content. A visual assessment of 
plant health was made. Above ground biomass (shoots) of ten healthiest looking plants was 
collected by cutting stems 5 mm above soil surface. Shoots were washed in deionised water 
for 20 seconds, with particular care taken to remove any soil particles adhering to stems. 
Excess rinse water was adsorbed using cotton paper towels. Shoots were cut and their fresh 
weight was recorded, prior to placing them in labelled bags and drying them in an oven for a 
minimum of 3 days at 60 °C. For pots that were not thinned down due to early effects of 
phytotoxicity, and as a result containing more than 10 wheat plants, shoots from all the viable 
plants were harvested with the number of harvested plants recorded.  
Plant roots were harvested once a sufficient volume of soil solution was collected and DGT 
devices were retrieved. Roots were washed clean from soil particles with tap water, soaked in 
0.1 % Decon detergent for 5 minutes and finally rinsed three times with deionised water. 
Washed roots were placed between labelled paper cotton towels and dried in the oven for 3 
days at 60 °C.  
Dry weight of both above and below ground biomass was recorded when plant material was 
weighed for digestion. A low temperature digestion method designed to limit volatile losses 
was adopted (Cai et al., 2000). Plant samples (maximum weight < 0.6 g) were digested using 
10 ml of concentrated HNO3 at a temperature of 100 °C for five hours, with 1 ml of H2O2 
added at the start of the final hour. Following digestion samples were filtered, rinsing the 
digest tubes three times, and made up to a final volume of 25 ml. 
  
37
3.5 Post-harvest analysis: Soil Solution and Diffusive 
Gradients in Thin Films 
Following harvesting the pots were equilibrated for 24 hours at 80 % MWHC (w/w) prior to 
commencement of soil solution sampling and DGT deployment. Sampling of soil solution 
was carried out using Rhizon soil moisture samplers (Eijkelkamp). Rhizon soil moisture 
samplers are a type of tension samplers. External suction applied to porous, chemically inert, 
hydrophilic polymer plastic tubing previously inserted into wet soil results in withdrawal of 
soil pore water.  
Additional soil moisture samplers were manufactured to meet the high demand for Rhizon 
soil moisture samplers at the time of bioassay. The only relevant difference between the 
manufactured and commercial types of sampling probes was the radius of porous tubing. 
Difference in the spatial zone of influence is the only relevant difference between the two 
sampler designs. Assuming that soil samples are homogenous, the difference in design is 
unlikely to impart a significant affect on solution composition. Samplers were inserted 
horizontally through the wet soil in the pots, with suction applied via a 10 ml collection 
syringe. Maximum time required to withdraw 25 ml of soil pore water was two days. 
Solution total organic carbon (Total Organic Carbon Analyser, TOC-5000A) and pH were 
determined immediately following soil pore water collection. Collected soil solutions were 
analysed for total Al, As, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, S and Zn on ICP-OES, 
while anion (Cl-, NO3-, NO2-, Br- PO4-, SO4-) concentrations were determined with dionex 
suppressed ion-exchange chromatography. Speciation modelling of soil solutions was 
conducted with WHAM, Windermere Humic Aqueous Model version 6.   
  
38
3.5.1 Diffusive gradients in thin films (DGT) 
3.5.1.1 Principle 
A DGT device is composed of two polyacrylamide hydrogels, one known as the resin gel 
containing an effective fixing agent (sorbent) is separated from soil by an another gel known 
as the diffusion gel which is capped by a protective filter membrane. To construct a DGT 
device the gels are placed onto a plastic piston-like surface and clamped with a plastic ring 
containing a fixed exposure window.  
Following soil deployment of the DGT device a diffusional transport of solutes across the 
diffusion gel is initiated, driven by a concentration gradient (Figure 3.5.1). One of the 
assumptions of the DGT method is that the resin gel acts to rapidly and irreversibly bind 
solutes. Consequently the concentration of solutes at the resin-diffusion gel interface is 
effectively zero. Providing that the diffusion layer does not interact with solutes and that 
transport of solutes through the diffusion layer is solely by molecular diffusion, a linear 
concentration gradient is maintained across the diffusion layer, with the flux of solutes (g cm-2 
s-1) to the resin gel described by Fick’s first law of diffusion:  
 T0 ,
Δg
(t)C
φDF(t) a ≤≤−= tdd  (0.2) 
, where Δg is the thickness of the diffusion gel, φd is its porosity and Dd is the diffusion 
coefficient (cm2 s−1) of a given solute in the diffusion gel. Measured conditional diffusion 
coefficients for arsenate in the diffusion gel or DGT devices are lower than the reported 
diffusion coefficient for free diffusion in water, indicating physical hindrance to diffusion 
(Fitz et al., 2003, Sogn et al., 2008). Diffusional coefficient for arsenate in diffusion gels was 
determined as 5.69 ± 0.14 × 10-6 cm2 s-1 in a diffusion cell experiment at 23 °C and at pH of 
8.2 (Fitz et al., 2003).  
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Figure 3.5.1. Cross-sectional view of a DGT device deployed in soil. A linear concentration gradient is 
shown across the diffusive gel, the flux introducing a localised sink in interfacial solute concentration 
(Cdgt) due to diffusional and kinetic limitations to supply. The solute concentration at the interface is 
lower than in bulk soil pore space (Cpw), indicating a patrial resupply from the soil solid phase.  
Continual accumulation of solutes occurs over the time period that a DGT device remains 
deployed (T). Total mass (g) of solute accumulated on the resin gel can be determined upon 
retrieval of a device. It represents the time and area integrated solute flux across the diffusion 
layer: 
 dxdt
Tr
r
dd ∫∫
−
=
0
a (t)C Δg
φDM  (0.3) 
, where r is the radius of the exposure window. Knowing the accumulated mass and the 
exposure area (A) allows for calculation of a time-averaged solute concentration (Cdgt) at the 
interfacial boundary between the DGT device and soil: 
 
A TφD
 Δg MCdgt
dd
=  (0.4) 
In soil pore water, mixing is limited to molecular diffusion, a process that is insufficient in 
maintaining a constant interfacial concentration. The continual flux of solutes lowers their soil 
pore water concentration at the interfacial boundary with the device, initiating a resupply of 
solutes through diffusion and desorption of labile species adsorbed to the solid phase (Figure 
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3.5.1). The ratio of Cdgt to an independently measured soil solution concentration (Cpw) can 
serve as indicator of depletion at the interfacial boundary. Inversely the ratio also reflects the 
extent to which diffusion in the soil pore water and resupply from the soil phase buffer the 
interfacial concentration.  
The results can be further interpreted by estimating an effective concentration term (Ce), 
representing solute concentration required to supply the accumulated mass assuming 
diffusion-only resupply. The effective solution concentration is calculated by calculating Rdiff, 
the ratio of the mean interfacial concentration under diffusion-only resupply to initial soil 
solution concentration (Equation 4): 
 
diff
dgt
e
R
CC =  (0.5) 
A numerical model of diffusive gradients in thin films, known as DGT Induced Fluxes In 
Soils and Sediments (DIFS, Lancaster Univeristy), was used to estimate Rdiff. The DIFS 
model requires that soil porosity (φsoil) is known. The parameter was estimated using the 
following equation: 
 
MWHC80%atwaterporeofvolumesoilofvolume
MWHC80%atwaterporeofvolume
soil +=ϕ  (0.6) 
3.5.1.2 Gel formulation and device assemblage 
Gels were created according to supplier’s instructions, with standard moldings for 
construction of DGT devices (DGT Research, UK).  Both diffusive and binding gels were 
made from a gel preparation solution consisting of 15 % acrylamide on volume basis and 0.3 
% argose-derived cross-linker on volume basis (DGT Research, UK). Diffusive gels were 
formulated by adding 70 µm of 10 % freshly prepared ammonium persulphate, followed by 
25 µm of TEMED catalyst, to 10 ml of well mixed gel preparation solution. The mixture was 
immediately cast between two glass plates separated by plastic spacers. The gels were set by 
curing the glass moulds at 42 – 46 °C for at least 1 hour.  
A gel spiked with ferryhydrite was used as a binding layer for As, a method being initially 
developed for measuring available P in waters (Zhang et al., 1998a) but recently adopted and 
validated for arsenate in soils and solutions (Fitz et al., 2003, Sogn et al., 2008). 
Approximately 2 g of Fe oxide slurry, previously freed of excess moisture by pippetting 
slurry onto cotton paper towels, was used per 10 ml of gel preparation solution. Vigorous 
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stirring was used to achieve complete dispersion of Fe oxide in gel preparation solution before 
introduction of setting agents. With exception of smaller volumes of ammonium persulphate 
and TEMED, 60 µm and 16 µm respectively, the casting procedure for binding gel was 
similar to that of diffusive gels. 
Once gels had set the glass casts were carefully pried open, with gels washed and hydrated in 
Milli-Q water. Diffusive and fixing gels were stored in 0.1M NaNO3 and Milli-Q water 
respectively. The prepared gels were mounted on standard mouldings, the device assemblage 
illustrated in Figure 3.5.2. A 0.4 mm thick Fe oxide gel was placed onto the surface of the 
piston, overlain by a 0.9 mm thick diffusion gel. A 0.45 μm pore sized cellulose membrane 
filter, thickness of 0.13 mm, was placed on top of the diffusion gel for protection (Advantec, 
Toyo Roshi Kaisha Ltd). A cap was gently but firmly pushed over the piston moulding to 
achieve a tight seal over the filter membrane surface. Devices were stored in sealed bags at a 
temperature of 4 °C, with a few drops of 0.01M NaNO3 added to the exposure windows. The 
diameter of the exposure window was 2 cm, giving an area of 3.14 cm2. 
3.5.1.3 Preparation of ferrihydrite slurry 
A 0.1M Fe solution was prepared by dissolving 4 g of Fe(NO3)3.9H2O with 100 ml of Milli-Q 
water. Under continuous and vigorous stirring the solution was very slowly titrated with 1M 
NaOH until the pH approached 7 and a dark brown-red coloured precipitate formed. After 
allowing the precipitate to fall from suspension excess solution was carefully withdrawn. The 
precipitate slurry was washed using deionised water three times, before being stored in dark at 
a temperature of 4 °C.  
 
Figure 3.5.2. Cross-sectional view of an assembled DGT device, the two gels and a filter membrane are 
laid over a flat piston-like surface, and fixed using a ring with a fixed exposure window 
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3.5.1.4 Elution factor  
The elution factor was estimated by assessing the elution recovery against a digestion method. 
Six resin gels were spiked with 50 µl of 10 µg As 1-1 and equilibrated for 72 hours. Three gels 
were submitted to a microwave-assisted digestion using aqua regia, while the remaining three 
were eluted using 1 ml of HNO3 for 24 hours. Recovery of initially applied As was compared 
between the two methods. 
3.5.1.5 Testing 
Before they were applied in soil the performance of the DGT devices was evaluated in 
controlled aqueous solutions. Performance of DGT devices for As was tested in two aqueous 
solution experiments, varying concentration and time of exposure respectively. To test the 
response of DGT devices in different solutions the assemblies were subjected to different As 
concentrations for known times. Solution containing 0.01 M CaCl2 as a background 
electrolyte was spiked with As to achieve concentrations of 10, 100 and 200 µg/l. Tests were 
carried out in beakers containing 2 L of each spiked solution, with solutions continually 
stirred. Three DGT devices were suspended in each solution, placed so exposure windows 
were oriented vertically and normal to the axial flow. The devices were left to accumulate 
over a period of 24 hours. Solution was sampled prior to DGT deployment and following 
DGT retrieval. A second experiment was conducted to assess the theoretical behaviour of 
DGT by studying accumulation of mass at different times of immersion. An aqueous solution 
containing 0.01 M CaCl2 as background electrolyte was spiked with both As and P standards 
to produce concentrations of 100 µg/l. Three DGT devices were taken out every 4 hours over 
a total period of 24 hours, in conjunction with sampling of solutions.  
DGT conditional diffusive coefficients for arsenate with varying time and solution 
concentrations were estimated by rearranging equation (2), assuming that external 
concentrations were constant throughout the deployment time: 
 
mATC
ΔgD
aq
dgt
/
=  (0.7) 
3.5.1.6 DGT deployment 
A small amount of surface soil was worked into slurry and applied evenly to the window of 
the DGT device. The device was then lightly pressed onto the soil surface and left in place for 
24 hours. The time at deployment and at retrieval of DGT devices was recorded, and room 
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temperature was monitored. Following retrieval, DGT devices were carefully cleaved open, 
rinsed with Milli-Q water to wash off any adhering particles and the binding gels placed in 
storage vessels containing 1 ml of concentrated HNO3. The elution volume was made up to 10 
ml with Milli-Q water after 24 hours (Sogn et al., 2008).  The accumulated mass was 
calculated from: 
 
f
)V+(VC
=M acidgelel  (0.8) 
, where Cel is the elution concentration, Vgel and Vacid are gel and elution solution volumes 
respectively and f is the elution factor.  
3.6 Data analysis 
Analysis of the data was carried out in Minitab and Sigmaplot software packages. Multiple 
linear regression and Pearson correlation coefficients were utilised in exploring the linear 
relationships between bioaccessible As and soil properties, and plant uptake and soil 
properties. Additionally, Akaike Information Criteria (AICc) and Bayesian Information 
Criteria (BIC) were used in model selection and comparison, as the large number of potential 
independent variables, including both the different determinations of soil As and also soil 
properties, frequently lead to a large number of possible model permutations. The criteria 
were applied tentatively as the small number of observations (n < 30) was generally the 
limiting factor in the statistical inference (Burnham and Anderson, 2002). Where possible the 
models were cross-validated with independent datasets. The root mean square error was used 
in quantifying the agreement between the observed and predicted values, defined as: 
 2
1
1RMSE ( )
=
= −∑n i i
i
Y Y
n
 (0.9) 
, where Y represents the observed value, Y  represented the model predicted value, and n 
represents the number of observations. 
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Effective As toxic concentrations were estimated by fitting sigmoidal curves to the wheat 
bioassay dose-response data.  Three and four parameter sigmoidal curves were fitted to the 
relationships between the wheat ecological endpoints and various soil As determinations 
using non-linear regression. The three and four parameter sigmoid curves can be written as: 
 
- ( )logEC50
y
1 exp
max
min
ib xy y × −= + +  (0.10) 
 
- ( )logEC50
y
1 exp
max
ib xy × −= +  (0.11) 
, where y represents the plant response, ymin and ymax are the lower and upper asymptopes 
respectively, -b is the slope parameter, xi is the natural log of soil As dose, and logEC50 is the 
natural log of the effective concentration that reduces the plant response by 50 %. The 
difference between the three and four parameter curves is in the inclusion of the minimum 
asymptote parameter in the four parameter model, with the three parameter model being 
asymptotic towards zero.  
Three different approaches were applied in examining if soil properties mediated As toxicity. 
Firstly, sigmoid curves were fitted to groups of samples representing the individual sheep dip 
sites, where the number of samples allowed. The differences in the resulting effective toxic 
concentrations (EC50) were compared to differences in median soil properties from individual 
sheep dip sites. Secondly, multiple linear regression was carried out to assess if inclusion of 
soil properties, subsequent to the addition of an soil As determination, improved the fit of 
plant response. Finally, the three parameter sigmoidal curve was modified by introducing 
additional parameters to account for the potential influence of soil properties. This was done 
by expressing the logEC50 parameter as a function of soil properties, as shown in the 
equation (0.12). In equation (0.12) the parameter α represents an intercept and the β 
parameters represent coefficients associated with a given soil property (Zi). This 
parameterization of the sigmoidal model enabled log-transformed EC50 concentrations to be 
expressed as linear combinations of soil properties. 
  i 1 1logEC50 k kz zα β β= + + +…  (0.12) 
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4 Results 
4.1 Soil Characterisation 
Total recoverable elemental concentrations are presented in Table 4.1.1 and Table 4.1.2. 
Sample labels containing as a prefix either letter A or B are from Waikato, samples from 
Canterbury are represented by labels beginning with C and D, and all other samples were 
from Marlborough (E, G, H and S). With the exception of Waikato samples, where the 
previous sample identification was preserved, the starting letter of the sample label identifies 
the different sheep dip sites. Sample 2711 is the standard reference material 2711, the 
Montana II soil. For evaluation of the digestion technique the certified total concentrations 
and the reported acid digestion concentration ranges are included in Tables 1 and 2. The 
digest determinations were in good agreement with the reported NIST (2003) values for acid 
leach extraction, with concentrations consistently falling within the reported range for all 
elements analysed.  
 Total soil As content ranged from 9.7 to 8,138 mg/kg. Arsenic concentrations were positively 
skewed, described successfully by a log-normal distribution (Figure 4.1.1). Samples D6, S6 
and C10 are considered to be either below or marginally above typical background levels, 
containing 9.7, 9.8 and 13 mg As/kg respectively. In addition to As, soil Pb, Zn and/or Cu 
levels were also elevated in some samples. Soils from sites E and F were cross-contaminated 
with Zn and Cu respectively (Table 4.1.1). The total Cu content of sample F6 was 3,800 ± 400 
mg/kg. Zinc contamination at site E was discovered late in the project, during analysis of soil 
pore water collected following the bioassay experiment, with total digest extractions 
subsequently reanalysed. All four samples from site E were impacted by Zn, with total soil 
concentrations ranging between 750 and 1,600 mg/kg (Table 4.1.1). A number of soils 
collected from site G contained elevated levels of Zn, with the 5 samples from the site having 
total soil Zn concentrations from 87 to 570 mg/kg. A small number of samples contained 
elevated Pb concentrations, most frequently found in samples from site G (Table 4.1.1). High 
soil lead levels were associated with samples containing maximal As concentrations at sites S 
and A, but were relatively uniform and unrelated to As levels at site G (Table 4.1.1). Soil 
antimony (Sb) contents varied between and 1.1 and 19 mg/kg, and were significantly 
correlated to total soil As concentrations. 
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Table 4.1.1. Total soil arsenic (As), antimony (Sb), calcium (Ca), phosphorus (P), lead (Pb), and sulphur (S) concentrations for a set of surface samples from sheep dip 
sites.  For each element a duplicate mean and a single standard deviation is shown, the latter given in brackets.  
As Sb Ca P Pb S Zn Cu Sample 
(mg/kg) (mg/kg) (%) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 
A2D 8,100 (500) 19 (4) 0.16 (0.01) 2,400 (100) 850 (100) 2,500 (400) 160 (20) 35 (3) 
A3D 740 (20) 3.8 (0.1) 0.17 (0.006) 710 (30) 56 (2) 310 (1) 110 (0.9) 20 (0.09) 
A4 2,300 (70) 4.5 (0.2) 0.16 (0.007) 480 (20) 19 (0.7) 180 (8) 110 (4) 14 (0.4) 
B1 25 (1) 1.3 (0.3) 0.20 (0.003) 1,200 (10) 58 (0.4) 220 (2) 96 (3) 7.7 (0.1) 
B2 130 (5) 1.9 (0.4) 0.15 (0.009) 500 (40) 42 (0.6) 320 (5) 130 (4) 9.4 (0.09) 
B3 1,100 (20) 4.6 (0.09) 0.10 (0.0009) 900 (6) 53 (1) 250 (7) 100 (3) 17 (2) 
C10 13 (0.2) 1.7 (0.7) 0.72 (0.02) 530 (10) 39 (1) 320 (10) 160 (20) 13 (2) 
C3 51 (2) 1.9 (0.5) 0.68 (0.04) 550 (40) 34 (2) 480 (70) 170 (5) 8.8 (0.2) 
C6 91 (10) 2.5 (0.2) 0.71 (0.07) 590 (50) 35 (3) 440 (30) 180 (50) 12 (0.1) 
D6 9.7 (3) 1.1 n.a. 0.85 (0.2) 1,500 n.a. 18 (3) 710 n.a. 110 n.a. 18 n.a. 
E3 32 (1) 1.3 (0.01) 0.84 (0.001) 2,800 (100) 24 (2) 1,300 (20) 1,600 (50) 23 (0.8) 
E5 100 (8) 4.8 (0.5) 0.59 (0.008) 1,100 (0.01) 39 (0.6) 900 (40) 1,400 (20) 31 (2) 
E6 150 (7) 2.4 (0.1) 0.63 (0.002) 1,300 (8) 190 (20) 800 (30) 1,200 (60) 22 (0.05) 
E9 59 (10) 2.3 (0.4) 0.77 (0.03) 1,000 (3) 32 (2) 990 (20) 750 (30) 21 (1) 
F6 41 (6) 3.8 (3) 1.1 (0.01) 1,500 (10) 70 (20) 760 (1) 180 (8) 3,800 (400) 
G12 500 (30) 3.3 (0.1) 0.78 (0.0008) 2,000 (7) 52 (2) 1,000 (10) 570 (40) 18 (1) 
G4 790 (40) 7.7 (0.3) 0.92 (0.03) 1,500 (50) 250 (0.9) 1,200 (80) 340 (10) 23 (2) 
G5 560 (50) 5.4 (0.03) 0.72 (0.0008) 1,300 (40) 150 (10) 1,000 (30) 180 (0.4) 19 (7) 
G6 2,100 (100) 5.7 (0.4) 0.57 (0.001) 1,900 (30) 60 (10) 860 (10) 87 (4) 17 (0.1) 
G7 910 (100) 5.4 (0.3) 0.83 (0.004) 1,300 (4) 270 (30) 660 (7) 310 (2) 26 (7) 
G9 300 (5) 4.0 (0.1) 0.84 (0.010) 1,200 (20) 330 (20) 750 (40) 370 (20) 14 (0.5) 
H3 120 (6) 1.9 (0.2) 0.73 (0.01) 1,000 (30) 20 (0.04) 350 (0.3) 140 (2) 21 (0.3) 
H4 180 (10) 2.5 (0.08) 0.74 (0.04) 1,300 (50) 23 (0.7) 390 (3) 150 (3) 33 (0.4) 
H5 70 (1) 1.8 (0.1) 0.90 (0.03) 1,400 (50) 31 (0.2) 510 (10) 210 (0.8) 43 (2) 
H6 79 (4) 2.0 (0.3) 0.79 (0.008) 1,000 (10) 32 (2) 440 (4) 180 (5) 31 (0.4) 
S1 3,100 (90) 5.7 (0.2) 0.74 (0.04) 1,200 (6) 36 (2) 600 (20) 70 (0.5) 200 (4) 
S2 3,900 (100) 9.7 (0.8) 0.82 (0.04) 1,300 (40) 310 (40) 1,400 (100) 140 (20) 96 (10) 
S4 760 (7) 3.9 (0.1) 0.84 (0.01) 1,900 (2) 25 (0.3) 990 (7) 130 (10) 83 (5) 
S6 440 (0.7) 2.6 (0.002) 0.86 (0.02) 1,100 (30) 21 (0.7) 800 (50) 110 (4) 71 (0.3) 
S7 9.9 (0.9) 2.0 (0.02) 0.84 (0.02) 1,000 (30) 12 (1.0) 620 (30) 94 (3) 71 (0.3) 
SRM 2711 87 (5) 17 (0.8) 2.2 (0.09) 640 (20) 1,000 (40) 330 (10)       
Leach Dataa 88 - 110 <10 2.0 - 2.5 600 - 900 930 - 1,500 -   
Certified datab  105 (8) 19.4 (1.8) 2.88 (0.08) 860 (70) 1,162 (31) 420 (10)   
mean 890 4.0 0.66 1,300 110 740 320 160 
sd 1,700 3.5 0.28 550 170 470 390 680 
median 160 2.9 0.74 1,200 39 690 160 22 
range 9.7 - 8,100 1.1 - 19 0.10 - 1.1 480 - 2,800 12 - 850 180 - 2,500 70 - 1,600 7.7 - 3,800 
Table key: 
a. Range of values reported for the U.S. EPA Method 3050 extraction procedure (NIST, 2003); b. Certified total concentrations; consult NIST (2003).
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Table 4.1.2. Total and oxide soil concentrations of iron (Fe), aluminium (Al) and manganese (Mn) in surface samples collected from sheep dip 
sites. For each element a duplicate mean and a single standard deviation is shown, the latter given in brackets.  
  Fe (%) Al (%) Mn (mg/kg) 
Sample Total Amorphousa Crystallinea Total Amorphousa Crystallinea Total NH2OH.HCl - Mn Amorphousa Crystallinea 
A2D 4.3 (0.4) 2.1 (0.1) 0.90 (0.04) 3.4 (0.2) 2.4 (0.01) 0.17 (0.01) 240 (60) 120 (20) 140 (0.2) 25 (0.2) 
A3D 3.8 (0.09) 0.56 (0.04) 0.81 (0.01) 6.0 (0.06) 2.3 (0.02) 0.22 (0.003) 910 (50) 350 (30) 590 (20) 68 (2) 
A4 3.6 (0.2) 0.72 (0.02) 0.81 (0.05) 5.4 (0.2) 2.4 (0.02) 0.21 (0.01) 1,000 (10) 280 n.a. 660 (30) 130 (2) 
B1 2.4 (0.03) 0.40 (0.05) 0.54 (0.01) 3.5 (0.01) 1.5 (0.02) 0.19 (0.004) 620 (20) 160 (30) 430 (9) 30 (0.5) 
B2 2.7 (0.2) 0.40 (0.02) 0.52 (0.006) 4.1 (0.2) 1.6 (0.006) 0.21 (0.03) 400 (8) 150 (80) 230 (8) 26 (5) 
B3 2.7 (0.02) 0.48 (0.003) 0.57 (0.06) 3.7 (0.02) 2.0 (0.001) 0.18 (0.01) 330 (5) 74 (3) 160 (10) 24 (6) 
C10 2.8 (0.3) 0.17 (0.008) 0.41 (0.01) 2.6 (0.09) 0.84 (0.004) 0.14 (0.006) 400 (20) 31 (5) 110 (9) 32 (0.4) 
C3 2.1 (0.02) 0.13 (0.006) 0.30 (0.002) 2.2 (0.07) 0.67 (0.004) 0.12 (0.001) 330 (10) 46 (4) 100 (2) 25 (1.0) 
C6 2.2 (0.2) 0.19 (0.07) 0.43 (0.009) 2.0 (0.2) 0.80 (0.02) 0.13 (0.004) 340 (30) 55 (9) 130 (4) 29 (0.5) 
D6 2.1 (0.07) 0.23 (0.009) 0.31 (0.01) 2.0 (0.1) 1.1 (0.003) 0.15 (0.007) 610 (100) 210 (3) 250 (9) 32 (0.2) 
E3 2.2 (0.03) 0.27 (0.07) 0.44 (0.006) 1.9 (0.010) 0.81 (0.02) 0.19 (0.00002) 740 (30) 410 (5) 500 (20) 77 (0.5) 
E5 2.1 (0.02) 0.32 (0.04) 0.51 (0.03) 2.1 (0.04) 1.1 (0.004) 0.17 (0.007) 630 (3) 260 (20) 420 (9) 52 (5) 
E6 2.3 (0.01) 0.33 (0.04) 0.51 (0.1) 2.3 (0.01) 1.2 (0.01) 0.21 (0.06) 820 (20) 290 (5) 520 (0.05) 110 (10) 
E9 2.3 (0.007) 0.20 (0.05) 0.43 (0.08) 2.0 (0.1) 0.66 (0.02) 0.14 (0.03) 660 (20) 320 (20) 440 (20) 60 (1.0) 
F6 2.2 (0.03) 0.23 (0.04) 0.39 (0.07) 2.5 (0.07) 1.1 (0.01) 0.12 (0.02) 440 (4) 150 (10) 220 (6) 51 (7) 
G12 2.4 (0.01) 0.32 (0.02) 0.50 (0.007) 2.4 (0.008) 1.0 (0.004) 0.21 (0.01) 620 (0.8) 210 (0.5) 370 (10) 55 (2) 
G4 3.0 (0.6) 0.35 (0.009) 0.68 (0.004) 2.3 (0.09) 0.98 (0.001) 0.19 (0.02) 560 (20) 220 (50) 350 (20) 70 (5) 
G5 2.7 (0.5) 0.38 (0.02) 0.49 (0.04) 2.1 (0.06) 0.96 (0.001) 0.16 (0.02) 480 (20) 110 (0.2) 290 (2) 63 (2) 
G6 3.2 (0.1) 0.59 (0.06) 0.56 (0.006) 2.6 (0.09) 1.3 (0.02) 0.20 (0.001) 390 (8) 17 (20) 120 (6) 66 (20) 
G7 3.2 (0.6) 0.54 (0.08) 0.69 (0.03) 2.5 (0.04) 1.1 (0.02) 0.24 (0.02) 650 (20) 200 (3) 500 (60) 89 (4) 
G9 2.4 (0.07) 0.24 (0.01) 0.46 n.a. 1.9 (0.1) 0.73 (0.004) 0.16 n.a. 420 (10) 100 (40) 150 (20) 41 n.a. 
H3 2.8 (0.004) 0.45 (0.01) 0.57 (0.07) 2.6 (0.05) 1.2 (0.004) 0.24 (0.03) 560 (9) 150 (3) 300 (1) 57 (0.04) 
H4 2.8 (0.09) 0.43 (0.06) 0.50 (0.02) 2.7 (0.1) 1.1 (0.02) 0.19 (0.02) 540 (20) 200 (4) 290 (1) 65 (7) 
H5 2.6 (0.02) 0.27 (0.004) 0.37 (0.02) 2.0 (0.1) 0.60 (0.001) 0.14 (0.008) 500 (9) 160 (2) 260 (2) 50 (3) 
H6 2.3 (0.01) 0.31 (0.04) 0.40 (0.02) 2.0 (0.05) 0.72 (0.008) 0.13 (0.005) 450 (10) 120 (40) 230 (3) 44 (4) 
S1 2.5 (0.1) 0.42 (0.01) 0.33 (0.02) 1.9 (0.01) 0.97 (0.004) 0.097 (0.003) 310 (6) 36 (30) 67 (2) 18 (1) 
S2 4.5 (0.8) 0.92 (0.2) 0.74 (0.01) 1.5 (0.1) 1.3 (0.03) 0.089 (0.01) 440 (70) 170 (0.9) 220 (4) 37 (0.6) 
S4 2.2 (0.01) 0.36 (0.10) 0.34 (0.04) 1.9 (0.006) 1.3 (0.04) 0.12 (0.02) 540 (20) 260 (20) 300 (30) 27 (4) 
S6 2.4 (0.2) 0.27 (0.02) 0.27 (0.02) 1.9 (0.02) 1.1 (0.006) 0.088 (0.002) 400 (8) 99 (20) 150 (3) 24 (0.7) 
S7 2.4 (0.09) 0.29 (0.04) 0.34 (0.04) 2.1 (0.10) 1.0 (0.01) 0.13 (0.01) 410 (20) 70 (20) 150 (2) 25 (0.7) 
SRM 2711 2.9 (0.1)        2.9 (0.2)       570 (40)           
Leach Dataa 1.7 - 2.6  1.2 - 2.3 400 - 620   
Certified Datab 2.89  6.53 638   
mean 2.7 0.43 0.50 2.6 1.2 0.16 530 170 290 50 
sd 0.64 0.36 0.16 1.0 0.49 0.043 180 100 160 27 
median 2.5 0.34 0.49 2.3 1.1 0.17 490 150 260 47 
range 2.1 - 4.5 0.13 - 2.1 0.27 - 0.90 1.5 - 6.0 0.60 - 2.4 0.088 - 0.24 240 - 1,000 17 - 410 67 - 660 18 - 130 
Table key: a. Amorphous and crystalline oxide fractions were extracted using 0.2M NH4-oxalate (pH 3.25) and 0.2M NH4-oxalate + 0.2M ascorbic acid respectively b. Range of concentrations reported for 
the U.S. EPA Method 3050 extraction procedure (NIST, 2003); c. Certified total concentrations; consult NIST (2003).
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Figure 4.1.1. Histogram of total soil arsenic concentrations (n = 30) for a set of surface samples collected 
from sheep dip sites, highlighting the log-normal distribution of the dataset. 
Some of the samples received from Waikato were previously subjected to total soil As 
determination; the former analysis involved an aqua regia digestion on a heat block and 
analysis by Flame Atomic Adsorption Spectrometry (FAAS). This data was available for 
comparison with the closed vessel microwave-assisted digestion and the ICP-OES analysis 
procedure used in the present study. As shown in Figure 4.1.2, the two methods display 
excellent agreement up until approximately 1,000 mg/kg, with the microwave-assisted 
digestion yielding apparently lower concentrations for the three samples containing As above 
2,000 mg/kg. The relative percent differences between the two procedures, expressing the 
absolute difference divided by an average of the two, varied between 0 and 31 % for the 7 
samples, which is considered acceptable. Total digestion of the sample with the highest soil 
As content (A2D) was repeated using a lower soil:solution ratio, with the resulting 
concentration corroborating with the reported results achieved using a higher soil:solution 
ratio. 
Concentrations of As and other elevated contaminants are annotated on site plans of 
individual sheep dip sites sampled as part of the project, presented in Appendix A, allowing 
for visual appreciation of As impact surrounding sheep dip structures. Results from an 
organochlorine pesticide analysis, commissioned by Marlborough District Council and carried 
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out by an external laboratory, are also annotated on site plans for the selected number of soils 
submitted for analysis.  
The sheep dip sites demonstrate variable levels of As impact. For instance, soil samples from 
site D, a foot bath, do not display levels of As elevated above the background. Based on 
sample locations the highest enhancement of soil As generally occurred immediately next to 
the sheep dip structures, with maximal concentrations occurring within lateral distances of 1 
to 2 m. Contaminant hotspots were associated with graded exit ramps, solution storage 
systems and discharge points. For As impacted sites, diffuse accumulation of As extended 
over greater distances from the dip structures and throughout the adjoining holding pens.  
Total soil As determined by block aqua regia digestion and FAAS (mg/kg)
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Figure 4.1.2. Comparison of total soil arsenic content (mg/kg) as determined by the microwave-assisted 
aqua regia digestion and ICP-OES analysis and the block aqua regia digestion and FAAS analysis (mg/kg). 
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4.1.1 Soil properties 
Summaries of total elemental contents for other elements of interest, and Al, Fe and Mn oxide 
fractions are also presented in Table 4.1.1 and Table 4.1.2, while other chemical and physical 
soil properties are presented in Table 4.1.3. Total Fe concentrations varied between 2.1 - 4.5 
%, expressed on a per weight basis. Amorphous and crystalline Fe oxide fractions ranged 
from 0.13 to 2.1 % and from 0.27 to 0.90 % respectively. On average, amorphous Fe oxides 
made up a slightly smaller fraction of total soil Fe than crystalline Fe oxides, 15 % compared 
to 18 %. However soil amorphous Fe content exhibited a greater variation when compared to 
the crystalline Fe content, with amorphous Fe corresponding to 6 - 49 % of total Fe, compared 
to 11 - 24 % represented by crystalline Fe. Soil Al content ranged between 1.5 and 6.0 %. 
Amorphous Al oxide content exhibited a range of 0.6 - 2.5 %, more dominant than the 
crystalline Al oxide content, which varied between 0.088 and 0.24 %. Crystalline Al oxides 
accounted for less than 10 % of total soil Al content, while the fraction of total Al 
corresponding to amorphous Al oxides varied between 30 and 86 %. For Mn, total soil 
concentrations ranged between 240 and 1,000 mg/kg, with amorphous Mn oxides on average 
representing 55 % of total Mn. The hydroxylamine extractable Mn, in comparison, on average 
represented 32 % of total Mn.  
Samples were mildly acidic to near-natural, with pH varying between 4.2 and 6.8. Cation 
exchange capacity of samples ranged from 10 to 30 cmolc kg-1. Organic carbon content varied 
between 0.8 and 11.5 %. Maximum clay content was 18.9 %, but in only 6 samples was clay 
content above 5 %. Based on the NZ textural class definition most samples are defined as silt 
loams (n = 16), followed in frequency by sandy loams (n = 11). The three remaining samples 
are classified as loamy sand (n = 3). Total P and Olsen-P contents exhibited considerable 
variability, with respective ranges of 483 - 2,822 mg/kg and 15 - 249 mg/kg. Olsen P 
concentrations are considered to be highly elevated in most samples, with the median value 
being above 100 mg/kg. Total Ca and S varied between 0.1 - 1.09 % and 181 and 2,522 
mg/kg respectively.  
In order to comment on the range in physiochemical properties exhibited by the sample pool, 
the New Zealand Soils Database (NZSD) was queried to extract relevant chemical data for all 
available surface horizons (Landcare Research, 2003). It should be noted that the chemical 
data from NZSD does not proportionally represent New Zealand’s soils. The two datasets, 
being the project and the NZSD data, are graphically compared through box plots in Figure 
4.1.3, showing their respective medians, and inter-quartile, 5th and 95th percentile ranges. 
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While variation of all individual soil properties within the project’s sample pool was narrower 
compared to NZDS, given its size (n = 30) and the limited number of sampled sheep dips, the 
sample pool is considered as reasonably variable in terms of most soil properties. The largest 
dissimilarities between the two datasets, in terms of the range of values, were exhibited for 
amorphous Al, Fe and Mn oxide contents. The project’s dataset exhibited a lower range of 
amorphous oxide concentrations (Figure 4.1.3). 
Table 4.1.3. Physical and chemical soil properties of surface samples collected from sheep dip sites. Where 
applicable a duplicate mean and a single standard deviation are shown, the latter is bracketed. 
Organic C Organic N clay silt sand  Sample soil pH 
 
CEC 
(cmolc/kg) (%) (%) 
texture 
 
Olsen P 
(mg/kg) 
A2D 4.3 19 (0.07) 7.2 0.56 3.2 56.0 40.8 silt loam 240 (3) 
A3D 5.0 19 (0.09) 2.6 0.23 2.5 28.5 69.0 sandy loam 50 (7) 
A4 5.8 18 (0.6) 0.85 0.096 14.0 26.8 58.9 sandy loam 29 (0.10)
B1 5.7 16 (0.4) 1.6 0.15 12.3 35.8 51.4 sandy loam 130 (2) 
B2 5.6 17 (1) 2.6 0.24 1.7 23.1 75.2 loamy sand 34 (0.3) 
B3 5.6 14 (0.7) 1.9 0.16 2.1 62.5 35.3 silt loam 110 (1) 
C10 6.5 19 (0.5) 3.3 0.26 1.6 40.4 58.0 sandy loam 14 (0.2) 
C3 6.0 22 (0.7) 5.8 0.43 0.9 26.2 72.9 loamy sand 21 (2) 
C6 6.7 24 (0.3) 4.9 0.38 1.1 28.7 70.2 sandy loam 21 (0.4) 
D6 5.6 24 (0.4) 6.0 0.53 1.2 39.9 59.0 sandy loam 140 (6) 
E3 6.1 33 (0.6) 12 1.1 2.6 71.4 26.0 silt loam 160 (20) 
E5 4.6 23 (3) 9.4 0.80 3.2 84.0 12.7 silt 100 (6) 
E6 5.3 28 (3) 7.9 0.70 3.4 78.2 18.5 silt loam 120 (8) 
E9 5.4 26 (1.0) 10 0.78 2.8 72.0 25.2 silt loam 54 (0.04)
F6 6.8 32 (1) 5.8 0.62 3.0 75.4 21.6 silt loam 230 (5) 
G12 5.1 18 n.a. 8.6 0.83 2.8 79.4 17.8 silt loam 210 (2) 
G4 6.2 30 (0.04) 11 0.99 3.0 77.3 19.7 silt loam 120 (9) 
G5 5.5 24 (4) 8.5 0.81 2.1 66.6 31.3 silt loam 110 (4) 
G6 4.8 16 (0.7) 4.1 0.40 3.5 75.6 20.9 silt loam 210 (6) 
G7 6.2 26 (3) 6.1 0.58 18.9 67.2 13.8 silt loam 94 (0.05)
G9 5.5 16 (3) 6.4 0.61 2.0 69.5 28.5 silt loam 110 (0.5) 
H3 6.1 22 (1) 3.3 0.32 15.0 68.0 16.7 silt loam 81 (2) 
H4 5.9 20 (0.6) 3.8 0.36 13.0 62.3 24.6 silt loam 92 (4) 
H5 6.4 23 n.a. 4.4 0.41 14.2 34.7 50.9 sandy loam 98 (2) 
H6 6.3 19 (0.9) 3.8 0.35 2.2 79.2 18.6 silt loam 63 (5) 
S1 5.7 13 (0.7) 4.2 0.36 1.4 29.8 68.8 sandy loam 77 (3) 
S2 5.5 21 (3) 9.1 0.78 2.0 45.9 52.1 sandy loam 71 (0.3) 
S4 5.3 10 (3) 6.4 0.60 2.0 36.2 61.8 sandy loam 160 (4) 
S6 6.1 16 n.a. 5.7 0.51 1.7 34.8 63.5 sandy loam 83 (4) 
S7 5.4 18 (4) 5.2 0.48 2.2 37.9 59.9 sandy loam 110 (0.5) 
mean 5.3 21 5.7 0.51 4.7 54 41  100 
sd - 5.5 2.8 0.25 5.1 21 21  60 
median 5.7 19 5.8 0.49 2.6 59 38  99 
range 4.3 - 6.8 10 - 33 0.85 - 12 0.096 - 1.1 0.89 - 19 23 - 84 13 - 75  14 - 240 
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Figure 4.1.3.  Comparison in select soil properties between a dataset of sheep dip surface soils (n = 30) verus New Zealand Soils Database’s
surface (A) horizon data. Dots represent the 5th and the 95th percentiles.  
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As stated earlier total soil As and Sb contents were significantly correlated (p-value < 0.01). 
The correspondence between the two variables is shown on a log-log scale in Figure 4.1.4. It 
is apparent that the association between total soil As and Sb is affected by the presence of 
other contaminants; samples that are impacted by other contaminants, being Pb, Zn or Cu, 
appear to accrue higher levels of Sb at a given soil As concentration. Furthermore, and it is 
not immediately apparent due to the fact that Figure 4.1.4 is plotted on a log-log scale, the 
ratio of Sb to As decreases with increasing soil As concentrations: suggesting that in relation 
to Sb As is preferentially accrued by soil. This inference is based on an assumption that the Sb 
to As ratio in applications is constant. 
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Figure 4.1.4. The association between total soil arsenic (As) and antimony (Sb) concentrations, plotted on 
a log-log scale. Groups identify different contaminant signatures. 
Total soil As concentrations were positively associated with the total recoverable Fe and the 
different oxide Fe concentrations, all associations significant at a p-value of 0.01. Total soil 
As and amorphous Fe oxide concentrations were most strongly associated, with the 
relationship between the two shown on a log-log scale in Figure 4.1.5. The association 
between soil As and Fe is stronger for samples that have a high As loading, but less apparent 
in samples not excessively impacted by As. Therefore the soils containing high As levels 
exhibited a large leverage on the relationship between As and amorphous Fe concentrations 
(Figure 4.1.5). Total As concentrations were not significantly correlated to other 
physiochemical properties. 
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Figure 4.1.5. Log-log association between the total soil arsenic (As, mg/kg) and amorphous iron (Fe) oxide 
content (g/kg). 
4.1.2 Sequential fractionation procedure and other extractions 
Concentrations of As extracted by the sequential fractionation procedure, the Olsen and the 
NH2OH•HCl reagents is presented in Table 4.1.4. Aresnic, Cu, P, Pb and Zn soil 
concentrations extracted by the RHIZO procedure are shown in Table 4.1.5. The partitioning 
of As across the five fractions was relatively uniform between different soils, as depicted in 
Figure 4.1.6. On average, the amount of As extracted by sequential reagents, expressed as a 
percentage of the total, decreased in the following reagent order: 0.2 M NH4-oxalate >> 0.2 M 
NH4-oxalate + 0.1 M ascorbic acid > residual aqua regia digestion > 0.05 M NH4H2-PO4 > 
0.05 M (NH4)2SO4 (Table 4.1.4, Table 4.1.6).  
Therefore the greatest proportion of total As corresponded to that associated with amorphous 
Al and Fe oxides, accounting for 30 - 75 % of the total, followed by that associated with 
crystalline Al and Fe oxides, representing between 6 and 28 % of total As (Table 4.1.4, Table 
4.1.6). The fraction considered as residual represented 3 - 40 % of total As, and generally 
assumed a higher proportion in samples containing As at or near to background 
concentrations. Fractions representing specifically and non-specifically adsorbed As were 
generally the lowest in terms of their relative size. Between 0 and 8 % of total As was 
liberated as non-specifically adsorbed, with four soils yielding non detectable As 
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concentrations in this fraction. Specifically adsorbed As was more variable, representing 
between 2 and 36 % of the total. 
A good agreement was observed between the sum of all five As fractions and the total soil As 
concentrations, as determined by microwave-assisted aqua regia digestion (Figure 4.1.7). The 
correspondence between the two became more variable with increasing soil As loading; with 
the largest discrepancies between the sum of As fractions and the total recoverable As 
observed for soils containing As at concentrations above 2,000 mg/kg. The number of 
samples in that range comprised a small proportion of the total sample size. The two soils 
containing highest As content - and also characterised by largest absolute differences between 
the total recoverable and the sum As fractions - were reanalysed for total As using lower soil 
to aqua regia ratios (1:100 soil:solution ratio): yielding concentrations that validated the 
original total recoverable As determinations. It is therefore unlikely that differences were due 
to the recovery of the total digestion procedure. It is suggested that for soils with high As 
loading the residual from the preceding extraction is not entirely eliminated, even with wash 
steps between the sequential extractions. 
In general Olsen, hydroxylamine and RHIZO reagents extracted a smaller proportion of total 
soil As than that liberated by the sum of first and second sequential extraction steps, releasing 
1 - 8 %, 2 - 26 %, and 1 - 18 % of the total As respectively (Table 4.1.4, Table 4.1.5, Table 
4.1.6). All determinations of soil As were inter-correlated, with all correlations significant at a 
p-value of 0.001 (data not shown).  
Additionally all As determinations were positively correlated to amorphous and crystalline 
extractable Fe and Al, significant at a p-value of 0.01; consistent with the previously reported 
relationship between total soil As and total Fe and Fe oxide fraction. Similarly to total soil As, 
soil sequential As fractions corresponded most favourably with amorphous Fe oxides. It is 
possible that the association a reflection of a strong affinity of As for amorphous Fe oxides, as 
highlighted by the fact that on average most of the soil As (57 %) was conceptually associated 
with amorphous Fe and Al oxides (Figure 4.1.6). The weakest correlations with soil Fe 
concentrations were exhibited by the non-specifically adsorbed As, hydroxylamine-
extractable As and RHIZO-extractable As, all also representing the smallest extractions of 
total As. 
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Table 4.1.4. Soil arsenic (As) concentrations determined in a sequential extraction procedure, along with 
the soil As concentrations extracted by Olsen and NH2OH.HCl reagents. Values represent a mean and a 
standard deviation, based on a duplicate measurement. Standard deviations are bracketed.  
AsSTEP 1 AsSTEP 2 AsSTEP 3 AsSTEP 4 AsSTEP 5 AsOLSEN AsO Sample 
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 
A2D 160 (3) 1,300 (100) 7,900 (300) 600 (20) 620 (60) 640 (20) 230 (30) 
A3D 4.8 (0.4) 91 (1) 410 (20) 140 (2) 75 (0.6) 33 (5) 19 n.a. 
A4 23 (0.8) 450 (8) 1,700 (20) 330 (10) 130 (3) 190 (2) 45 (4) 
B1 0.28 (0.007) 2.5 (0.3) 13 (1) 7.9 (2) 4.3 (0.2) 1.3 (0.09) 0.83 (0.3) 
B2 0.76 (0.1) 15 (0.2) 82 (0.8) 25 (3) 17 (2) 5.2 (0.2) 2.6 (0.005)
B3 14 (4) 230 (10) 740 (10) 130 (10) 92 (5) 140 (0.8) 83 (3) 
C10 n.d. 1.1 (0.07) 6.2 (0.2) 2.7 (0.2) 2.9 (0.03) 0.18 (0.03) 0.32 (0.03) 
C3 1.8 (0.03) 6.0 (0.7) 30 (1) 8.8 (0.4) 5.6 (0.08) 2.3 (0.4) 3.7 (0.5) 
C6 2.7 (0.1) 15 (0.02) 60 (10) 16 (0.2) 7.9 (0.3) 4.6 (0.07) 12 (0.2) 
D6 n.d. 0.38 (0.08) 3.6 (0.10) 2.3 (0.010) 2.9 (0.2) 0.26 (0.1) 0.66 (0.06) 
E3 0.12 (0.1) 17 (3) 14 (2) 8.7 (0.1) 6.8 (0.2) 0.80 (0.09) 2.0 (0.1) 
E5 2.0 (1) 6.5 (0.5) 80 (10) 27 (0.1) 25 (2) 2.9 (0.09) 6.5 (0.8) 
E6 3.9 (0.2) 10 (0.9) 100 (10) 37 (3) 14 (0.3) 6.7 (0.5) 9.2 (0.9) 
E9 n.d. 3.2 (0.5) 33 (8) 14 (2) 4.6 (0.1) 1.3 (0.1) 3.1 (0.2) 
F6 2.7 (0.2) 1.7 (0.1) 21 (2) 6.3 (1) 5.8 (0.9) 4.0 (0.05) 11 (0.8) 
G12 11 (1) 7.9 (0.5) 210 (9) 88 (4) 140 (0.5) 36 (0.3) 43 (5) 
G4 12 (0.8) 30 (8) 450 (2) 190 (4) 120 (20) 31 (3) 64 (3) 
G5 17 (5) 41 (5) 330 (8) 97 (5) 84 (6) 47 (0.3) 51 (6) 
G6 26 (2) 330 (0.9) 1,300 (70) 140 (3) 62 (7) 270 (10) 150 (20) 
G7 17 (0.4) 89 (0.7) 670 (60) 120 (2) 47 (4) 45 (0.4) 68 (10) 
G9 3.4 (0.03) 26 (2) 180 (6) 63 n.d. 47 n.d. 21 (0.5) 40 (2) 
H3 0.70 (0.6) 31 (7) 91 (1) 16 (0.7) 9.4 (1.0) 7.0 (0.3) 8.5 (0.1) 
H4 2.0 (1) 16 (2) 120 (10) 25 (0.1) 8.6 (0.8) 12 (0.8) 21 (0.9) 
H5 0.68 (0.5) 3.7 (1) 40 (0.7) 12 (0.8) 6.1 (0.5) 3.1 (0.1) 6.1 (1) 
H6 2.2 (0.02) 8.2 (0.2) 58 (30) 13 (0.9) 4.9 (0.7) 4.7 (0.3) 11 (2) 
S1 80 (8) 530 (50) 1,800 (10) 150 (6) 120 (7) 250 (10) 380 (30) 
S2 130 (0.5) 560 (6) 2,100 (300) 780 (90) 1,100 (60) 230 (4) 250 (50) 
S4 44 (5) 91 (20) 380 (30) 120 (20) 140 (10) 79 (2) 120 (5) 
S6 15 (4) 39 (6) 300 (20) 46 (0.8) 65 (0.8) 30 (2) 55 (5) 
S7 n.d. 0.76 (0.03) 3.8 (0.4) 2.2 (0.2) 4.4 (0.01) 0.47 (0.1) 0.26 (0.05) 
mean 22 130 640 110 99 70 57 
sd 40 270 1,500 180 220 130 89 
median 4.4 16 110 32 21 9.3 15 
range 0.12 - 160 0.38 - 1,300 3.6 - 7,900 2.2 - 780 2.9 - 1,100 0.18 - 640 0.26 - 380 
Table Key: Abbreviations:  AsStep 1: 0.05 M (NH4)2SO4 fraction; AsStep 2: 0.05 M NH4H2PO4 fraction; AsStep 3: 0.2 
M NH4-oxalate (pH 3.25) fraction; AsStep 4: 0.2 M NH4-oxalate + 0.1 M ascorbic acid fraction; AsStep 5: Microwave-
assisted digestion in aqua regia fraction; AsOlsen: 0.5M NaHCO3 (pH 8.5) extractable; Aso: 0.01M NH2OH•HCl (pH 
2) extractable. 
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Table 4.1.5. Soil concentrations of arsenic (As), phosphorous (P), copper (Cu), lead (Pb), and zinc (Zn) 
determined by the RHIZO procedure. Values represent a mean and a standard deviation, based on a 
duplicate measurement. Standard deviations are bracketed. All units are in mg/kg.  
Sample AsRHIZO PRHIZO CuRHIZO PbRHIZO ZnRHIZO 
A2D 269.90 (1.86) 78.85 (0.14) 0.77 (0.002) 1.15 (0.05) 23.51 (0.40) 
A3D 11.11 (0.11) 22.12 (0.20) 0.23 (0.02) 0.11 (0.08) 7.44 (0.04) 
A4 64.04 (3.01) 7.80 (0.36) 0.05 (0.002) n.d.  3.95 (0.10) 
B1 1.16 (0.04) 354.40 (73.62) 0.13 (0.05) 0.09 (0.005) 8.32 (0.32) 
B2 1.57 (0.46) 10.70 (2.69) 0.09 (0.03) 0.09 (0.04) 8.07 (2.19) 
B3 67.16 (0.37) 44.79 (0.19) 0.41 (0.01) 0.13 (0.03) 10.05 (0.26) 
C10 0.30 (0.03) 7.74 (0.06) 0.02 (0.002) 0.04 (0.02) 11.40 (0.22) 
C3 6.23 (0.06) 35.66 (0.30) 0.14 (0.02) 0.13 (0.01) 21.77 (0.07) 
C6 11.48 (0.06) 39.81 (0.28) 0.08 (0.004) 0.06 (0.02) 9.12 (0.003)
D6 0.48 (0.02) 314.75 (3.51) 0.41 (0.01) 0.05 (0.04) 9.47 (0.37) 
E3 1.39 (0.56) 427.58 (164.66) 0.19 (0.09) 0.01 (0.001) 185.63 (61.98) 
E5 7.27 (0.85) 104.85 (1.29) 0.33 (0.02) 0.10 (0.04) 299.70 (0.40) 
E6 11.01 (0.13) 160.33 (1.13) 0.27 (0.01) 0.39 (0.02) 269.98 (3.28) 
E9 3.35 (0.15) 73.60 (2.06) 0.18 (0.02) 0.05 (0.01) 133.04 (5.26) 
F6 3.20 (0.58) 126.12 (68.44) 274.66 (53.65) 0.01 (0.02) 2.81 (1.64) 
G12 52.29 (0.36) 324.36 (2.40) 0.64 (0.45) 0.11 (0.001) 81.86 (1.18) 
G4 36.23 (0.83) 162.59 (2.17) 0.12 (0.003) 0.28 (0.01) 14.61 (0.09) 
G5 45.13 (18.55) 114.47 (50.95) 0.11 (0.05) 0.41 (0.16) 10.05 (3.81) 
G6 128.11 (5.57) 90.29 (3.48) 0.24 (0.03) 0.14 (0.03) 6.58 (0.37) 
G7 57.76 (22.91) 101.36 (38.90) 0.12 (0.03) 0.28 (0.11) 18.27 (6.47) 
G9 32.35 (1.72) 151.79 (2.00) 0.09 (0.01) 0.92 (0.04) 34.53 (0.23) 
H3 6.08 (0.04) 49.95 (0.05) 0.24 (0.002) n.d.  6.63 (0.03) 
H4 13.00 (3.02) 67.72 (13.26) 0.57 (0.22) 0.03 (0.02) 10.61 (3.55) 
H5 4.94 (2.01) 148.72 (58.18) 0.83 (0.18) 0.04 (0.02) 13.59 (4.92) 
H6 14.52 (0.05) 153.12 (1.13) 0.91 (0.07) 0.05 (0.01) 17.20 (0.19) 
S1 337.89 (5.75) 60.87 (1.47) 4.45 (0.07) 0.01 n.a. 5.02 (0.10) 
S2 275.90 (3.61) 51.11 (0.16) 1.12 (0.12) 0.41 (0.03) 7.44 (0.05) 
S4 119.36 (6.51) 150.07 (3.10) 1.17 (0.09) 0.03 (0.001) 9.94 (0.10) 
S6 65.55 (0.57) 139.53 (0.28) 0.89 (0.01) 0.02 (0.02) 4.49 (0.14) 
S7 0.63 (0.05) 86.91 (2.54) 0.16 (0.06) 0.05 (0.003) 1.40 (0.04) 
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Table 4.1.6. The average proportion of total soil arsenic (As) levels accounted by different extractions: the 
sequential extraction procedure steps, Olsen, NH2OH.HCl, and RHIZO reagents.  All proportions are 
expressed as a percentages. 
  AsStep 1 AsStep 2 AsStep 3 AsStep 4 AsStep 5 AsOlsen AsO AsRHIZO 
Sample (%) (%) (%) (%) (%) (%) (%) (%) 
A2D 2 12 75 6 6 8 3 3 
A3D 1 13 58 19 10 5 3 2 
A4 1 17 64 13 5 8 2 3 
B1 1 9 47 28 15 5 3 5 
B2 1 11 59 18 12 4 2 1 
B3 1 19 61 11 8 12 7 6 
C10 0 9 48 21 22 1 2 2 
C3 3 12 57 17 11 4 7 12 
C6 3 15 59 16 8 5 13 13 
D6 0 4 39 25 31 3 7 5 
E3 0 36 30 19 15 3 6 4 
E5 1 5 57 19 18 3 6 7 
E6 2 6 62 22 8 5 6 7 
E9 0 6 60 26 8 2 5 6 
F6 7 5 56 17 15 10 26 8 
G12 3 2 45 19 31 7 9 11 
G4 1 4 56 24 15 4 8 5 
G5 3 7 58 17 15 8 9 8 
G6 1 18 70 7 3 13 7 6 
G7 2 9 72 12 5 5 7 6 
G9 1 8 57 20 15 7 13 11 
H3 0 21 62 11 6 6 7 5 
H4 1 9 70 14 5 6 12 7 
H5 1 6 64 19 10 4 9 7 
H6 3 10 67 15 6 5 14 18 
S1 3 20 67 6 4 8 12 11 
S2 3 12 45 17 23 6 6 7 
S4 6 12 49 16 18 10 15 16 
S6 3 8 64 10 14 7 12 15 
S7 0 7 34 19 40 4 3 6 
mean 2 11 57 17 13 6 8 7 
sd 2 7 11 6 9 3 5 4 
median 1 9 58 17 12 5 7 7 
min 0 2 30 6 3 1 2 1 
max 7 36 75 28 40 13 26 18 
Table key: AsStep 1: 0.05 M (NH4)2SO4 fraction; AsStep 2: 0.05 M NH4H2PO4 fraction; AsStep 3: 0.2 M NH4-oxalate 
(pH 3.25) fraction; AsStep 4: 0.2 M NH4-oxalate + 0.1 M ascorbic acid fraction; AsStep 5: Microwave-assisted 
digestion in aqua regia fraction; AsOlsen: 0.5M NaHCO3 (pH 8.5) extractable; Aso: 0.01M NH2OH•HCl (pH 2) 
extractable; AsRHIZO: 0.01 M acetic, lactic, citric, malic and formic acid (molar ratio 4:2:1:1:1) . 
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Figure 4.1.6. The distribution of soil arsenic (As) between sheep dip soil samples (upper) and between 
different fractions steps of the sequential extraction (lower), displaying the uniformity and the relative 
importance of different sequential extraction steps. 
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Figure 4.1.7.  The recovery of total soil arsenic (As) released by the sequential extraction procedure: total 
soil As, determined by the microwave-assisted aqua regia digestion, versus the sum of five As sequential 
extraction fractions.  
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4.1.3 Soil solution composition 
4.1.3.1 Total dissolved concentrations 
Total soluble As and P concentrations in soil pore water extracted at completion of the 
bioassay are shown in Table 4.1.7; total soluble cation and metal concentrations are presented 
in Table 4.1.8, and total soluble S, anion and total organic carbon concentrations are given in 
Table 4.1.9. The table values correspond to the average soil pore water concentrations drawn 
from the replicate pots used in the bioassay. Based on the reported standard deviations, 
appreciable differences were exhibited between replicate soil pore water concentrations. 
Concentrations of As in soil pore water ranged between 0.01 to 13.75 mg/l, comprising less 
than 1.4 % of total soil As (Table 4.1.7). Total soluble P concentrations varied between 0.12 
and 21.1 mg/l (Table 4.1.7). On average, soil pore water concentrations of PO4-P, determined 
by ion exchange chromatography, represented 65 % of total soluble P concentrations. Varying 
proportion of organic P and instrumental errors may account for the dissimilarities between 
phosphate and total soluble P concentrations. Despite the differences, phosphate 
concentrations were linearly correlated to total soluble P levels (r2 = 0.96; p-value < 0.01). On 
average soluble P concentrations were lowest in soils from site C and highest in soils from 
site G and E (Table 4.1.7). Soluble concentrations of Ca, Mg, potassium (K) and Na were on 
average higher in soils from site G. Pore water Zn concentration were elevated in soils from 
site E, ranging between 7.0 and 53.5 mg/l (Table 4.1.8). The total soluble Cu content in 
sample F6 was 5.2 mg/l (Table 4.1.8).  
The pearson correlation matrix for a selected number of soluble species is shown in Table 
4.1.10. All variables were log-transformed to normalise their distributions. Table 4.1.10 
shows that cations  (Ca, Mg, Na, and K) were strongly co-correlated, and likewise were the 
anions (S, Cl, NO2-N, and NO3-N), with exception of phosphate and total organic carbon. 
Total soluble Al and Fe concentrations were significantly correlated to the dissolved organic 
carbon (p-value < 0.01).  
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Table 4.1.7. Total soluble arsenic (As), phosphorus (P), and phosphate (PO4-P) concentrations in pore 
water of sheep dip soil samples. Total soluble concentrations are also expressed as the percentage of total 
soil content. All concentrations are in mg/l, values represent duplicate means with a single standard 
deviation produced in brackets. 
Sample As % Total As P PO4-Pa % PO4b
A2D 13.75 (2.45) 0.17 2.87 (0.24) 0.76 (0.05) 27
A3D 0.22 (0.05) 0.03 0.59 (0.05) n.d. - -
A4 2.86 (0.87) 0.12 0.12 (0.03) 0.04 - 33
B1 0.03 (0.00) 0.10 1.56 (0.25) 1.01 (0.29) 65
B2 0.16 (0.02) 0.12 0.48 (0.13) n.d. - -
B3 3.57 (1.02) 0.31 0.63 (0.12) 0.11 - 17
C10 0.01 (0.00) 0.07 0.33 (0.16) 0.01 - 3
C3 0.70 (0.18) 1.39 0.50 (0.12) n.d. - -
C6 0.53 (0.08) 0.58 0.38 (0.03) 0.03 - 7
D6 0.02 (0.00) 0.24 5.25 (0.36) 6.17 (2.05) 118
E3 0.24 (0.06) 0.76 21.10 (1.83) 20.03 (5.78) 95
E5 0.32 (0.02) 0.31 3.21 (0.73) 2.84 (0.83) 89
E6 0.62 (0.19) 0.41 3.10 (0.33) 2.83 (0.60) 91
E9 0.09 (0.00) 0.15 2.87 (1.47) 3.22 (1.81) 112
F6 0.39 (0.01) 0.96 11.66 (0.04) 7.81 (0.40) 67
G12 5.04 (0.27) 1.02 13.67 (1.40) 10.72 (0.52) 78
G4 2.92 (0.09) 0.37 5.22 (0.49) 5.34 (0.53) 102
G5 7.88 (5.74) 1.39 5.20 (1.40) 5.05 (1.45) 97
G6 1.36 (0.07) 0.07 0.93 (0.06) n.d. - -
G7 1.28 (0.10) 0.14 1.28 (0.00) 0.73 (0.05) 57
G9 2.80 (0.83) 0.93 4.42 (0.22) 4.28 (0.39) 97
H3 0.09 (0.03) 0.08 0.41 (0.03) 0.19 (0.00) 46
H4 0.57 (0.21) 0.31 1.09 (0.56) 0.39 (0.16) 36
H5 0.13 (0.03) 0.19 1.87 (0.31) 1.89 (0.54) 101
H6 0.81 (0.08) 1.03 1.51 (0.03) 1.27 (0.30) 84
S1 6.83 (0.50) 0.22 0.53 (0.08) 0.20 (0.14) 38
S2 9.51 (0.27) 0.25 0.87 (0.02) 0.47 (0.07) 54
S4 8.23 (0.34) 1.08 3.05 (0.17) 2.54 (0.61) 83
S6 3.21 (0.05) 0.73 2.41 (0.19) 1.33 (0.34) 55
S7 0.02 (0.01) 0.24 1.44 (0.62) 0.62 (0.64) 43
Table Key: 
a Determined by Dionex Suppressed Ion Exchange Chromatography. 
b Represents the fraction of total soluble P accounted by PO4-P. 
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Table 4.1.8. Total soluble concentrations (mg/l) of cations (Ca, Mg, K, and Na) and selected metals (Al, Fe, Mn, Zn, and Cu) in pore water of sheep dip samples. Values 
represent duplicate means, with a single standard deviation displayed in brackets.  
Sample Ca Mg K Na Al Fe Mn Zn Cu 
A2D 62.05 (1.93) 18.69 (0.49) 154.58 (2.91) 25.35 (0.08) 1.69 (0.10) 0.95 (0.04) 6.92 (0.34) 3.05 (0.17) 0.07 (0.00) 
A3D 10.68 (5.26) 1.82 (0.94) 3.13 (0.64) 8.68 (3.01) 0.35 (0.04) 0.09 (0.01) 1.20 (0.98) 0.09 (0.03) 0.03 (0.00) 
A4 17.65 (4.03) 3.19 (0.57) 15.01 (1.73) 7.39 (0.37) 0.01 (0.00) 0.01 (0.00) 1.35 (0.29) 0.06 (0.01) 0.01 (0.00) 
B1 15.65 (2.25) 2.52 (0.36) 2.72 (0.21) 8.50 (1.59) 0.21 (0.01) 0.14 (0.04) 0.93 (0.46) 0.14 (0.12) 0.02 (0.00) 
B2 28.61 (1.50) 12.64 (0.23) 23.83 (7.62) 28.47 (0.69) 0.44 (0.11) 2.33 (1.76) 4.07 (0.88) 0.33 (0.04) 0.02 (0.00) 
B3 8.78 (1.15) 3.26 (0.50) 49.39 (3.45) 19.27 (1.34) 0.57 (0.02) 0.65 (0.38) 0.31 (0.29) 0.16 (0.00) 0.07 (0.01) 
C10 58.52 (33.02) 6.58 (3.47) 10.53 (5.89) 9.22 (2.75) 0.11 (0.01) 0.18 (0.14) 0.51 (0.50) 0.10 (0.01) 0.01 (0.00) 
C3 53.00 (10.43) 12.21 (2.37) 35.88 (17.44) 12.97 (3.08) 0.93 (0.11) 1.89 (0.68) 1.47 (0.38) 0.84 (0.31) 0.10 (0.08) 
C6 106.60 (0.30) 20.17 (0.04) 24.34 (1.82) 23.94 (1.90) 0.22 (0.03) 0.27 (0.10) 0.75 (0.29) 0.18 (0.00) 0.04 (0.01) 
D6 61.99 (4.89) 14.25 (1.49) 26.80 (5.85) 18.02 (1.91) 1.51 (0.22) 2.29 (1.07) 2.66 (0.22) 0.73 (0.35) 0.12 (0.01) 
E3 60.69 (7.99) 19.24 (2.61) 68.98 (7.25) 18.18 (0.89) 0.28 (0.00) 0.79 (0.16) 1.04 (0.28) 6.94 (0.98) 0.05 (0.00) 
E5 144.84 (2.10) 33.55 (10.45) 64.81 (30.92) 15.13 (2.67) 0.96 (0.01) 0.24 (0.01) 8.57 (0.75) 53.50 (6.42) 0.33 (0.40) 
E6 95.16 (1.53) 21.99 (0.26) 30.69 (2.15) 15.97 (0.33) 0.74 (0.04) 0.62 (0.33) 3.21 (1.41) 21.47 (0.55) 0.11 (0.02) 
E9 26.45 (5.81) 5.40 (0.99) 10.61 (5.28) 13.20 (1.73) 0.79 (0.28) 0.63 (0.17) 0.43 (0.35) 4.28 (1.19) 0.05 (0.02) 
F6 307.56 (43.87) 183.26 (27.07) 61.71 (5.83) 50.72 (3.90) 0.06 (0.00) 0.06 (0.01) 0.14 (0.09) 0.09 (0.04) 5.20 (0.16) 
G12 106.63 (13.86) 40.69 (4.80) 123.15 (0.15) 22.81 (2.43) 0.36 (0.04) 0.40 (0.04) 1.30 (1.05) 4.46 (0.40) 0.08 (0.02) 
G4 64.56 (5.94) 29.14 (3.34) 105.06 (4.79) 16.04 (2.78) 0.31 (0.02) 0.37 (0.01) 0.04 (0.00) 0.59 (0.06) 0.04 (0.01) 
G5 84.88 (9.91) 28.05 (3.63) 233.29 (1.62) 25.55 (0.37) 1.47 (0.37) 3.74 (2.98) 1.78 (1.43) 1.37 (0.11) 0.14 (0.08) 
G6 337.12 (6.41) 167.56 (7.17) 758.86 (27.50) 93.87 (8.83) 2.10 (0.03) 0.45 (0.07) 10.20 (0.43) 2.17 (0.04) 0.03 (0.00) 
G7 146.91 (20.97) 40.96 (5.05) 74.57 (5.70) 17.24 (0.44) 0.10 (0.02) 0.15 (0.05) 0.43 (0.17) 0.69 (0.14) 0.03 (0.01) 
G9 70.35 (29.21) 14.22 (6.15) 78.32 (13.90) 19.67 (1.54) 0.52 (0.12) 0.75 (0.18) 0.53 (0.13) 1.73 (0.11) 0.05 (0.02) 
H3 14.46 (1.33) 3.92 (0.38) 3.97 (2.48) 10.38 (0.04) 0.25 (0.01) 0.24 (0.05) 0.04 (0.04) 0.08 (0.01) 0.05 (0.00) 
H4 48.89 (13.69) 10.96 (3.18) 16.59 (4.35) 12.13 (0.91) 0.33 (0.07) 0.86 (0.42) 1.25 (0.36) 0.31 (0.14) 0.10 (0.00) 
H5 42.11 (0.18) 6.87 (0.12) 20.83 (1.82) 10.39 (0.06) 0.18 (0.01) 0.34 (0.03) 0.10 (0.02) 0.36 (0.01) 0.15 (0.00) 
H6 49.30 (4.43) 12.32 (0.94) 17.51 (0.07) 10.67 (1.39) 0.39 (0.01) 0.67 (0.22) 1.04 (0.58) 0.53 (0.03) 0.17 (0.02) 
S1 115.01 (26.07) 16.31 (3.74) 38.14 (1.71) 20.98 (2.97) 0.25 (0.02) 0.14 (0.02) 0.44 (0.07) 0.16 (0.03) 0.22 (0.04) 
S2 98.86 (5.55) 22.84 (0.82) 48.32 (1.30) 21.09 (1.10) 0.42 (0.01) 0.30 (0.02) 0.16 (0.02) 0.34 (0.03) 0.08 (0.00) 
S4 68.72 (3.63) 17.02 (1.08) 37.13 (3.83) 16.08 (0.76) 0.75 (0.03) 0.81 (0.23) 2.31 (0.65) 0.46 (0.02) 0.16 (0.01) 
S6 145.29 (11.99) 47.53 (6.13) 145.37 (0.43) 17.73 (1.85) 0.22 (0.02) 0.16 (0.03) 0.86 (0.13) 0.21 (0.02) 0.08 (0.02) 
S7 32.13 (7.24) 14.20 (3.37) 21.43 (4.25) 17.16 (5.66) 1.81 (0.43) 2.99 (1.47) 1.02 (0.05) 0.14 (0.00) 0.04 (0.02) 
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Table 4.1.9. Total soluble sulphur (S) concentrations, soluble concentrations of selected anions (SO4-S, Cl, NO2-N, NO3-N), and total organic carbon level in pore water 
from sheep dip soil samples. All concentrations are in mg/l. Values represent duplicate means, with a single standard deviation displayed in brackets.  
Sample S SO4-S % SO4a Cla NO2-Na NO3-Na TOCb 
A2D 64.78 (2.94) 54.76 (3.24) 85 79.76 (1.86) 0.46 (0.01) 80.63 (3.18) 379.28 (5.35) 
A3D 6.71 (2.08) 3.45 (1.80) 51 4.38 (2.17) 0.04 (0.02) 5.53 (0.17) 278.97 (30.17) 
A4 12.87 (0.05) 11.70 (0.01) 91 12.44 (0.94) 0.74 (0.91) 2.87 (3.74) 61.56 (6.49) 
B1 4.94 (0.42) 0.89 (0.03) 18 0.76 (0.02) 0.02 (0.02) 0.29 - 236.00 (43.50) 
B2 7.09 (0.53) 2.66 (0.37) 38 10.74 (1.43) 0.01 (0.00) 0.16 (0.06) 409.02 (43.39) 
B3 23.19 (1.78) 18.53 (1.31) 80 21.40 (0.48) 0.33 (0.13) 0.84 (0.91) 204.05 (24.18) 
C10 15.10 (6.51) 14.61 (6.37) 97 3.39 (0.50) n.d - 0.00 - 58.79 (26.62) 
C3 7.73 (4.75) 0.55 (0.53) 7 4.24 (0.84) 0.07 (0.03) 0.01 - 259.82 (6.79) 
C6 29.01 (8.12) 26.73 (7.73) 92 8.68 (2.90) 0.43 - 1.98 - 171.29 (45.46) 
D6 34.01 (8.62) 27.00 (7.81) 79 4.21 (4.32) 0.08 - 0.06 (0.07) 326.22 (71.11) 
E3 35.56 (5.26) 28.49 (4.24) 80 4.24 (1.54) 0.13 (0.03) 1.45 (1.80) 282.49 (36.62) 
E5 35.68 (2.21) 32.64 (0.94) 91 20.75 (19.58) 0.30 (0.13) 162.10 (8.33) 160.21 (48.59) 
E6 88.52 (0.88) 71.60 (6.28) 81 6.71 (0.89) 0.07 (0.01) 0.64 (0.28) 342.02 (52.34) 
E9 12.26 (4.12) 6.16 (4.83) 50 0.68 (0.31) 0.22 (0.21) 1.25 (1.03) 244.59 (94.12) 
F6 99.96 (8.21) 107.53 (7.02) 108 316.12 (18.64) 6.02 (6.63) 488.17 (43.51) 295.32 (29.20) 
G12 43.22 (0.13) 36.11 (0.63) 84 152.13 (7.83) 1.37 (0.62) 50.78 (17.76) 353.68 (43.62) 
G4 20.65 (3.40) 17.69 (2.20) 86 55.84 (13.32) 1.95 (2.02) 65.00 (6.15) 166.57 (45.04) 
G5 98.86 (5.23) 84.37 (1.63) 85 179.79 (17.77) 2.05 (1.59) 6.61 (8.89) 660.10 (171.08) 
G6 553.71 (18.93) 612.20 (9.24) 111 541.23 (8.50) 1.69 (0.46) 154.08 (0.95) 440.59 (33.64) 
G7 26.06 (2.42) 24.01 (1.28) 92 25.88 (2.97) 9.63 (4.41) 126.82 (51.99) 125.98 (35.58) 
G9 25.67 (1.53) 22.05 (0.60) 86 60.27 (1.85) 7.24 (9.81) 25.29 (34.00) 210.01 (38.26) 
H3 6.08 (0.77) 3.93 (1.16) 65 0.89 (0.36) 0.05 (0.03) 2.06 (1.80) 96.71 (14.45) 
H4 26.18 (15.85) 20.82 (14.45) 80 6.59 (0.62) 0.06 (0.00) 1.67 - 195.07 (33.16) 
H5 13.00 (2.53) 8.87 (2.45) 68 1.20 (0.17) 0.09 (0.02) 0.63 (0.07) 167.27 (5.37) 
H6 10.43 (3.28) 5.10 (2.57) 49 3.68 (0.80) 0.06 - 0.01 (0.01) 221.55 (28.21) 
S1 34.15 (0.90) 32.97 (0.62) 97 51.43 (1.81) 0.66 (0.35) 71.60 (27.21) 60.69 (15.90) 
S2 33.49 (1.97) 30.99 (1.41) 93 55.57 (5.62) 0.21 (0.02) 73.19 (3.81) 125.61 (12.03) 
S4 42.75 (3.93) 39.28 (3.58) 92 59.85 (3.98) 1.77 (0.32) 20.89 (2.76) 195.56 (8.13) 
S6 24.10 (3.52) 21.50 (2.92) 89 83.38 (12.60) 4.25 (0.65) 154.58 (3.65) 145.27 (25.12) 
S7 24.05 (9.25) 18.07 (6.83) 75 3.84 (0.59) 0.10 (0.10) 1.14 (1.33) 292.59 (87.01) 
Table key: a Determined by Dionex Suppressed Ion Exchange Chromatography. b Determined on Total Organic Carbon Analyser (TOC-5000A). 
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Table 4.1.10. Pearson correlation matrix of log-transformed soil pore water concentrations.   
  As P Al Fe Mn Ca Mg K Na Cl S NO2-N NO3-N TOC Pb 
P 0.14                            
Al 0.05 0.43*                          
Fe -0.09 0.48* 0.84**                        
Mn 0.09 0.09 0.40* 0.27                      
Ca 0.38* 0.33 0.22 0.16 0.27                    
Mg 0.43* 0.41* 0.36 0.31 0.30 0.93**                  
K 0.64** 0.43* 0.38* 0.30 0.30 0.74** 0.86**                
Na 0.39* 0.24 0.57** 0.41** 0.43 0.64** 0.79** 0.80**              
Cl 0.79** 0.22 0.23 0.06 0.31 0.63** 0.72** 0.86** 0.72**            
S 0.46* 0.36 0.47* 0.24 0.46* 0.73** 0.77** 0.81** 0.79** 0.73**          
NO2-N 0.67** 0.25 -0.08 -0.18 -0.05 0.58** 0.57** 0.70** 0.38* 0.74** 0.52**        
NO3-N 0.69** 0.24 0.04 -0.23 -0.05 0.43* 0.50** 0.56** 0.48* 0.71** 0.50** 0.75**      
DOC 0.04 0.55** 0.76** 0.71** 0.56** 0.10 0.30 0.36 0.48* 0.19 0.36 -0.16 0.00    
Pb 0.46* 0.66** 0.61** 0.64** 0.24 0.37 0.48* 0.63** 0.38 0.47* 0.47* 0.28 0.19 0.56*  
Zn 0.22 0.73** 0.48* 0.45* 0.36 0.46* 0.52** 0.52** 0.43 0.24 0.54** 0.18 0.16 0.60** 0.73** 
Table Key: Abbreviations: DOC: dissolved organic carbon. Probabilities: * p-value < 0.05, ** p-value < 0.01. 
 
 
Table 4.1.11. List-wise pearson correlation coefficients between log-transformed soil arsenic (As) determinations, with emphasis placed on soil pore water and DGT As 
concentrations. All associations were significant at the 99 % confidence level. 
 AsTOTAL AsSTEP 1 AsSTEP 2 AsSTEP 3 AsSTEP 4 AsSTEP 5 AsO AsOLSEN ASSBET AsSOL 
AsSOL 0.79 0.89 0.67 0.77 0.77 0.82 0.88 0.80 0.84  
AsDGT 0.90 0.92 0.81 0.90 0.86 0.85 0.92 0.91 0.93 0.93 
Table Key: Abbreviations: Astotal: Total recoverable soil concentration; Aso: 0.01M NH2OH•HCl (pH 2) extractable; AsStep 1: 0.05 M (NH4)2SO4 fraction; AsStep 2: 0.05 M NH4H2PO4 
fraction; AsStep 3: 0.2 M NH4-oxalate (pH 3.25) fraction; AsStep 4: 0.2 M NH4-oxalate + 0.1 M ascorbic acid fraction; AsStep 5: Microwave-assisted digestion in aqua regia fraction; 
AsOlsen: 0.5M NaHCO3 (pH 8.5) extractable;  AsSBET: SBET extractable concentration; Assol: Soil pore  water/soluble concentrations; AsDGT: Diffusive gradient in thin film 
concentrations.
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Solution As was correlated strongly to other soil As fractions: listwise Pearson correlation 
coefficients between log-transformed soil As extractions and log-transformed solution As 
ranged between 0.80 and 0.93, all correlations significant at the p-value of 0.01 (Table 
4.1.11). Soil As extracted by (NH4)2SO4-extractable As was the best predictor of soil pore 
water As concentrations, representing non-specifically adsorbed As, followed by the 
NH2OH.HCl-extractable As. The relationship between solution As and (NH4)2SO4-extractable 
soil As is shown in Figure 4.1.8. As Figure 4.1.8 indicates the correspondence between 
(NH4)2SO4-extractable soil As and total soluble As was variable. Considered as the proportion 
of (NH4)2SO4-extractable soil As1, solution concentrations varied between 1.3 to 97 %, with a 
median value of 6.3 %. For all but one soil sample, the proportion of non-specifically 
adsorbed As represented in the soluble phase was below 34 %, the exception being sample E3 
(97 %). Sample E3 exhibited the highest concentration of total soluble P (Table 4.1.7).  
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Figure 4.1.8. Association between the soil pore water arsenic (As, mg/l) and non-specifically adsorbed As, 
represented by (NH4)2SO4-extractable As (mg/kg).  
                                                 
1 = × ×Soluble As Water content (ml)Soluble% 100Non-specifically adsorbed Non-specifically adsorbed As Soil weight (g)  
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The linear association between the proportion of (NH4)2SO4-extractable soil As accounted by 
the soil solution and soil properties were weak, and generally insignificant, as shown in Table 
4.1.12 using Pearson correlation coefficients. All variables were log-transformed to normalise 
their data. The proportion of non-specifically adsorbed As accounted by the soluble As was 
higher in soils with higher organic carbon, and soluble Fe and P, and lower in soils 
characterised by a high Fe oxide content (Table 4.1.12). Soil organic carbon and soluble P 
concentrations were strongly correlated (Table 4.1.12). 
Table 4.1.12. Pearson correlation matrix for the associations between the proportion of non-specifically 
adsorbed soil arsenic (As) fraction accounted by the soil pore water concentrations (% AsSOL) and a 
select group of soil properties.  
  % AsSOL Feam+cry Alam+cry Mnam+cry soil pH OC FeSOL PSOL 
Feam+cry -0.45*               
Alam+cry -0.39 0.61**             
Mnam -0.01 0.10 0.57**           
soil pH 0.21 -0.56** -0.45* -0.09         
OC 0.53** -0.01 -0.36 0.05 -0.12       
FeSOL 0.50* -0.11 -0.28 -0.44* -0.19 0.35     
PSOL 0.57** -0.16 -0.30 0.06 -0.04 0.74** 0.30   
AsSTEP 1 -0.39 0.52** 0.08 -0.24 -0.41* 0.10 -0.11 -0.14 
Table key: Abbreviations: Xam: Amorphous oxides (0.2M NH4-oxalate buffer); Xcry: Crystalline oxides (0.2M NH4-
oxalate + 0.2M ascorbic acid); XStep 1: 0.05 M (NH4)2SO4 fraction; Xsol: Soil pore water/soluble concentrations; OC: 
organic carbon; Probabilities: * p<0.05, ** p<0.01. 
 
For soil samples from site G the soluble As concentrations were not significantly correlated to 
different soil As extractions. This is shown in Figure 4.1.8 for (NH4)2SO4-extractable As. The 
number of samples from Site G was one of the largest in the dataset (n = 6), allowing for 
tentative investigation on factors controlling the soil solution concentrations. Pearson 
correlations coefficient between selected soil properties for samples from site G is given in 
Table 4.1.13. Total soluble P and As concentrations for samples from site G were positively 
associated, significant at a p-value of 0.05 (Table 4.1.13). Additionally, total soluble As 
concentrations from site G displayed positive trend with total soluble Fe and organic carbon 
contents. The percentage of (NH4)2SO4-extractable soil As accounted for by soluble As in 
samples from Site G was negatively related to the sum of amorphous and crystalline Fe/Al 
oxides (Table 4.1.13; Figure 4.1.9).  
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Table 4.1.13. Pearson correlation matrix for a dataset subset representing samples collected from the Site 
G (n = 6), displaying associations between the soluble arsenic (As) concentrations, the proportion of non-
specifically adsorbed As fraction accounted by the total soil pore water concentrations (% AsSOL) and a 
select group of soil properties.  
  AsSOL % AsSOL Feam+cry Alam+cry Mnam+cry soil pH OC FeSOL PSOL 
AsSOL                   
% AsSOL 0.60                 
Feam+cry -0.72 -0.97**               
Alam+cry -0.61 -0.88** 0.86*             
Mnam 0.01 -0.31 0.35 0.53           
soil pH -0.09 -0.09 0.25 0.07 0.68         
OC 0.63 0.26 -0.31 -0.31 0.42 0.54       
FeSOL 0.77 0.49 -0.56 -0.71 -0.44 -0.30 0.18     
PSOL 0.83* 0.68 -0.77 -0.52 0.16 0.03 0.75 0.34  
AsSTEP 1 -0.20 -0.87* 0.75 0.72 0.22 -0.17 -0.19 -0.07 -0.46 
Table key: Abbreviations: Xam: Amorphous oxides (0.2M NH4-oxalate buffer); Xcry: Crystalline oxides (0.2M NH4-
oxalate + 0.2M ascorbic acid); XStep 1: 0.05 M (NH4)2SO4 fraction; Xsol: Soil pore water/soluble concentrations; OC: 
organic carbon; Probabilities: * p<0.05, ** p<0.01. 
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Figure 4.1.9. Association between the fraction of soil pore water arsenic (mg/l) versus the non-specifically 
adsorbed soil arsenic ((NH4)2SO4-extractable As; mg/kg) for soils from site G (n=6). 
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Considering the entire dataset, addition of soil organic carbon to a linear regression model 
containing log-transformed (NH4)2SO4-extractable soil As as a predictor of log-transformed 
soluble As increased the multiple correlation coefficient (r2) from 0.78 to 0.83 (Table 4.1.14). 
Addition of total soil Fe as a third predictive term generated a model with a marginally 
improved fit, however the coefficient associated with total soil Fe was not significant at the 95 
% confidence level (p-value = 0.05; Table 4.1.14). Based on the differences in AICc 
information criteria, there is moderate support for Models 2 and 4 over Models 1 and 3. The 
AICc scores indicate that there is no empirical support for Model 4 over the less complex 
Model 2. 
Table 4.1.14. A set of linear regression models for estimating log-transformed total soluble soil As 
concentrations. Four samples were excluded from analysis due to non-detectable 0.05 M (NH4)2SO4-
extractable As concentrations. Each model is summarised using predictor coefficients and their standard 
errors, and includes the adjusted coefficient of determination, standard error and Akaike Information 
Criteria summary statistics.  
Response: Model 1 Model 2 Model 3 Model 4 
logeAsSOL b/se b/se b/se b/se 
logeAsSTEP 1 0.794*** 0.771*** 0.919*** 0.879*** 
 (0.09) (0.07) (0.10) (0.09)    
OC  0.138**  0.124*   
  (0.05)  (0.05)    
FeTOTAL   -0.060* -0.050    
   (0.03) (0.02)    
constant 5.596*** 4.849*** 7.025*** 6.118*** 
 (0.21) (0.32) (0.67) (0.68)    
r2(adj.) 0.775*** 0.828*** 0.807*** 0.849*** 
SE 0.781 0.683 0.724 0.639    
AICc 63.35 57.90 60.88 56.08 
ΔAICc 0.00 -5.45 -2.47 -7.27 
n 26 26 26 26 
Table key: Abbreviations: XStep 1: 0.05 M (NH4)2SO4 fraction; Xsol: Soil pore water/soluble concentrations; Xtotal: 
Total recoverable soil concentration; OC: organic carbon; AICc: Akaike Information Criteria; ΔAICc = ICi - ICmax. 
Probabilities: * p<0.05, ** p<0.01, *** p<0.001. 
 
4.1.3.2 Soil solution speciation 
Solution speciation was carried out on the soil pore water data using WHAM with an 
assumption that all of the As was present as arsenate. Speciation results, contained in 
Appendix B, indicate that arsenate was complexed with hydrogen according to its pH 
equilibria. In all the samples the dominant As species were HAsO42- and H2AsO4-, accounting 
for more than 95 % of total soluble As. Fulvic acid arsenate complexes comprised less than 1 
% of total soluble As.  
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4.1.4 Diffusive gradients in thin films 
4.1.4.1 Performance tests in aqueous solutions 
Performance of prepared diffusive gradients in thin films (DGT) devices was tested in spiked 
aqueous solutions by varying either external concentration of As or exposure periods. Results 
from two separate concentration dependent experiments are shown together in Figure 4.1.10. 
A linear relationship was observed between the accumulated mass of As in the Fe oxide gel 
and the As concentration in the external solution for the two experiments carried out at a fixed 
exposure time of 24 hours (Figure 4.1.10). In addition, the accumulated mass of As increased 
linearly with increasing exposure time for devices suspended in a solution containing 100 µg 
As l-1 (Figure 4.1.11).  
Figure 4.1.10. Relationship between the mass of 
arsenic (As) accumulated on the Fe oxide gel of 
DGT devices and As concentrations in the external 
solution. Time of exposure = 24 h. Values represent 
means, error bars are a single standard deviation (n 
= 3).  
Figure 4.1.11. Relationship between mass of arsenic 
(As) accumulated on the Fe oxide gel of DGT 
devices and increasing exposure time of the DGT 
devices. External concentration was constant at 100 
µg/l As. Values represent means, error bars are a 
single standard deviation (n = 3.)  
Figure 4.1.11 indicates that under the experimental conditions the rate of As transport across 
the diffusive layer remained constant in response increasing to exposure periods. According to 
Figure 4.1.10, the transport of As across the diffusion layer was proportional to the external 
concentration. These observed relationships are in agreement with establishment of a linear 
concentration gradient across the diffusion gel, as described by Fick’s first law of diffusion 
(see Section 3.5.1.1, p. 38). 
The external solution of the time dependent experiment was also spiked with P, at a 
concentration of 100 µg P/l. The relationship between accumulated P and increasing period of 
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exposure is shown in Figure 4.1.12. Apart from the observed reduction in the rate of P 
accumulated after the initial 4 hours of exposure, the rate of P accumulation was relatively 
constant thereafter (Figure 4.1.12). The relationship between accumulated and exposure time 
was more variable for P than As. 
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Figure 4.1.12. Relationship between the mass of 
phosphorous (P) accumulated on the Fe oxide gel of 
DGT devices and increasing DGT exposure times. 
External concentration were constant at 100µg/l P. 
Values represent means, error bars are a single 
standard deviation (n = 3). 
4.1.4.2 Estimation of the elution factor 
The recovery of As from Fe oxide gels by acid elution and digestion procedures was 
compared. On average, the elution of adsorbent Fe oxide gels in 0.01 M HNO3 following 
application of 50 µl of 10 mg As l-1 (5 µg As) released 3.9 ± 0.10 µg of As, whereas 
microwave assisted acid digestion released 4.8 ± 0.12 µg of As (Table 4.1.15). Therefore the 
absolute recovery of the elution and digestion methods was 77 % and 96 % of applied As 
respectively. The average relative recovery of elution compared to digestion was 80 %, 
representing the value adopted for the elution factor (f), a parameter used in calculating the 
mass of As and P accumulated by Fe oxide gels. The recovery of P was not directly assessed, 
but a value of 0.80 was likewise adopted for its elution factor.  
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Table 4.1.15. Differences between a microwave-assisted digestion in aqua regia and the elution in 0.01M 
HNO3 in the recovery of arsenic (As) applied to Fe oxide gels. 
Digestion (n=2) Elution (n=2) Amount applied 
4.8 ± 0.12 µg As 3.9 ± 0.10 µg As 5 µg As 
4.1.4.3 Estimation of diffusive coefficients 
Arsenic and P diffusion coefficients were estimated according to the method described in 
Section 3.5.1.5 (p. 42), using the relationship between accumulated mass and exposure time 
yielded from the aqueous solution experiment. The diffusion boundary layer, forming at the 
interfacial surface of DGT devices suspended in the aqueous solutions, was not considered. 
Given the rapid mixing conditions of the experiment, its affect on the diffusion coefficients 
was considered minimal (Zhang and Davison, 1995). Accumulated mass of both As and P 
was regressed against exposure times using linear regression, with inverse of the respective 
slope coefficients and average measurements of external concentrations utilised for estimation 
of As and P diffusive coefficients.  
Estimated diffusion coefficients for As and P were 4.49 × 10-6 and 4.26 × 10-6 cm2 s-1 
respectively. In Table 4.1.17 the diffusion coefficients are presented against values reported in 
the literature. The diffusion coefficients for both As and P for the DGT device were 
approximately half their respective diffusion coefficients for free ions in water. Zhang et al. 
(1998a) proposes that the discrepancy between phosphate diffusion coefficients in water and 
the diffusion gel was due to the positive charge developed within the gel layer.  
The estimated diffusion coefficient for As was similar to values reported by other experiments 
conducted on DGT devices, but lower than the value derived from diffusion cell experiments 
(Table 4.1.17). The estimated diffusion coefficient for P was lower than the reported values, 
substantially less than the previously reported values derived using both diffusion cell and 
DGT device experiments. Molecular diffusion is a temperature dependent process (Zhang and 
Davison, 1995). The DGT experiments and soil DGT deployments were carried out in an 
uncontrolled temperature environment. The temperature in the laboratory experienced a 
diurnal range: it was held fixed via heating to 19-20 °C during the working hours, decreasing 
overnight once the heating ceased.  
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Table 4.1.16. Phosphorus and arsenic diffusion coefficients ( × 10-6 cm2 s-1) calculated from the DGT 
aqueous solution experiments compared against the published values from DGT device experiments, 
diffusion cell experiments and values predicted for free ion diffusion in water. Where available, the 
experiment temperature is cited. 
 Phosphorus Arsenic 
DDGT  4.26 ± 0.08 (19 - 20 °C) 4.49 ± 0.08 (19 - 20 °C) 
Fitz and Wenzel (2002) DC - 5.9 ± 0.14 (23 °C) 
Zhang et al. (1998a) DC 
6.05 (25 °C) 
5.27 (20 °C) 
- 
pH 5.1 pH 6.3 pH 5.1 pH 6.3 
Sogn et al. (2008) DGT 
7.8 7.2 4.4 4.2 
Panther et al. (2008) AsIII AsV 
Diffusion Cell 6.40 ± 0.3 4.85 ± 0.35 
DGT Devices 
- 
5.95 ± 0.35 4.90 ± 0.05 
Free ion diffusion in watera 8.5 9.1 
Table key:  
DC: Diffusion cell experiment; DGT: DGT devices in aqueous solutions. 
a According to Li and Gregory (2002). 
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4.1.4.4 Soil results and analysis 
Concentrations of As and P at the interfacial DGT boundary, averaged over the 24 hour 
exposure period, are presented in Table 4.1.17. For each sample the table lists the average and 
the standard deviation of replicate measurements carried out on soils used in the bioassay 
experiment. The AsDGT concentrations ranged between 1.6 and 3,300 µg/l and comprised 
between 5 and 86 % of total soluble As (RAs, Table 4.1.17). The PDGT concentrations varied 
between 29 - 1,800 µg/l, accounting for 8 to 66 % of total soluble P. Both AsDGT and PDGT 
datasets were log-normally distributed. Phosphorus DGT concentrations exhibited a smaller 
range compared to that of As, but exhibited a distribution that was less skewed towards the 
higher values. The average ratios of DGT to soluble concentrations for both As and P were 
below 0.3, with AsR exceeding 0.40 in only four samples, indicating that most soils were 
unable to maintain the initial soluble concentrations (Table 4.1.17). 
The AsDGT concentrations were strongly associated with the different soil As extractions and 
the soluble As concentrations; all correlations statistically significant at a p-value of 0.001 and 
exhibiting Pearson correlation coefficients between 0.81 and 0.93 (Table 4.1.11). The 
association between AsDGT and total soluble As concentrations is shown in Figure 4.1.14. 
Soils have been grouped according to sheep dip sites in Figure 4.1.14, highlighting the 
inconsistency in the correlation between different sites. For instance, AsDGT concentrations for 
soils from site G were not significantly associated with soil As determinations, with AsDGT 
concentrations being relatively uniform and exhibiting a smaller variability (210 - 470 µg/l) 
compared to the variance of soluble As concentrations (1.28 - 7.88 mg/l). 
The capacity of the Fe oxide binding gel deserves a brief discussion with respect to the 
possible saturation through accumulation of As and P, given that the DGT device requires the 
solute concentration at the diffusive-binding layer interface to be effectively zero. The 
capacity of the Fe oxide gels was not evaluated by the experiment, and As and P mass 
accumulated on the Fe oxide gel in some of the soils exceeded the range for which the devices 
were tested in aqueous solutions. The capacity of Fe oxide gels, prepared using a procedure 
similar to the method adopted by this experiment has been independently evaluated for As 
and P by Panther et al. (2008) and Zhang et al. (1998a) respectively. Zhang et al. (1998a) 
reported that the working capacity of the Fe oxide gels was 6-7 µg for P, equivalent to 2.2×10-
7 M. Panther et al. (2008) constrained the capacity of Fe oxide gels to 30 µg for As, equivalent 
to 4.0×10-7 M. The Fe oxide gels preparation method differed slightly in the volume of Fe 
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oxide slurry applied between the two studies, with Panther et al. (2008) spiking the gel with 
slightly more ferryhydrite; however one study reported the spiked weight of Fe oxide slurry 
following extra dewatering (Panther et al., 2008); , while the other referred to the amount used 
prior to removal of extra moisture used (Zhang et al., 1998a); making any reflection as to 
possible reasons in the discrepancy questionable. Additionally the Fe oxide gel may to exhibit 
a differential capacity for P and As. 
To check the validity of the DGT principle for the soil exposures, the accumulated quantities 
of As and P were assessed against the published Fe oxide gels capacities. With studies 
evaluating the gel capacity under single solute systems, either As or P, there was a problem of 
practically applying the published values to a natural system. A relatively simple assumption 
was made: As and P were assumed to share all the binding sites on the Fe oxide gel, and all 
the other competing species were ignored. Therefore the inherent working capacity of Fe 
oxide gel, reported elsewhere for P and As, was assumed to potentially constrain the sum of 
accumulated As and P (expressed in moles).  
Based on the assumptions summarized above a large number of soils exceeded the working 
capacity as published by Zhang et al. (1998a); 30 out of the 60 soils (replicated) used in the 
bioassay exceeded the reported Fe oxide capacity. In contrast, the sum of accumulated As and 
P in 9 soils out of 60 exceeded the Panther et al. (2008) working capacity. Figure 4.1.13 
shows the association between the sum of Fe oxide gel accumulated As and P and the 
concentration of As and P in the soil solution, with the published capacities shown as 
reference lines. Neglecting the scatter between the samples, the general association between 
the DGT accumulated As and P and the soluble concentration tends toward non-linearity, at 
some point in between the two reference lines. Even though the DGT principles have been 
compromised in a number of samples, it is considered that the diffusion gradient did not 
deviate strongly from the assumed linear response for most of the samples.  
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Figure 4.1.13. The association between the mass of soil arsenic (As) and phosphorous (P) accumulated by 
the DGT Fe oxide gel (moles, 24 hour exposure) and the soluble concentration of As and P (M) for sheep 
dip soils. The upper reference line (long dashes) represents the Fe oxide capacity as reported by Panther 
et al. (2008) for As. The lower reference line represents the Fe oxide capacity for P as reported by Zhang 
et al. (1998a) for P.  
A model developed for simulation of DGT behavior in sediments and soils, known as 2D 
DIFS, has been used to verify the conformity of DGT devices to the assumed principles and 
for further(1998b) interpretation of the DGT results, like estimation of kinetic parameters 
(Sochaczewski et al., 2007). As opposed to metal contaminants, a required model parameter 
quantifying the kinetic response of a perturbed system (Tc) has not been widely evaluated for 
As. Furthermore, accurate exploration of the DGT results using the DIFS models requires a 
range of exposure times.  Zhang et al. (1998b) have proposed a simple representation of the 
solution-solid phase soil kinetics for interpreting the flux of diffusive gradients in thin films. 
Assuming that an irreversible first order process governs the supply of solutes from the solid 
phase to the solution, and that the DGT device is at a steady-state (i.e. the flux is constant), 
the interfacial concentration will be directly proportional to the rate constant and the labile 
solid phase concentration. Consequently, the ratio of DGT to soluble concentrations is 
proportional to the labile solid phase distribution coefficient and the irreversible rate constant. 
Accordingly the labile solid phase distribution coefficient (Kd) and the irreversible rate (K) 
were estimated for As and P, and are shown in Table 4.1.17.  
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Table 4.1.17. Diffusive gradients in thin films (XDGT) and effective concentrations (XE) of arsenic (As) and phosphorus (P) in sheep dip soils, along with estimated labile-
solid phase distribution coefficients (XKd) and resupply rate constants (XK). Values represent a replicate mean and a single standard deviation (bracketed). Table includes 
soil porosity values, the only non-constant variable in the prediction of effective concentrations. 
Sample AsDGT (µg/l) RAs 
AsKD 
(L kg-1)
AsK 
(s-1)
PDGT  
(µg/l) RP 
PKD 
(L kg-
PK 
(s-1) Porosity  
AsE  
(mg/l)
PE  
(mg/l) 
A2D 2369 (242) 0.17 102 0.16 224 (28) 0.08 26 0.30 0.53 40.01 (4.71) 3.99 (0.56) 
A3D 115 (14) 0.52 436 0.12 105 (8) 0.19 37 0.49 0.55 1.91 (0.23) 1.82 (0.15) 
A4 1334 (868) 0.42 166 0.27 29 (20) 0.25 66 0.38 0.51 22.96 (14.94) 0.53 (0.36) 
B1 5 (2) 0.18 106 0.17 348 (19) 0.24 226 0.10 0.50 0.08 (0.03) 6.36 (0.34) 
B2 139 (2) 0.86 99 0.86 67 (3) 0.15 21 0.66 0.65 2.09 (0.03) 1.08 (0.05) 
B3 454 (41) 0.13 67 0.18 127 (17) 0.21 70 0.29 0.53 7.57 (0.69) 2.26 (0.26) 
C10 4 (0) 0.47 122 0.36 180 (79) 0.57 22 2.44 0.57 0.07 (0.00) 3.13 (1.36) 
C3 52 (14) 0.07 10 0.69 138 (68) 0.28 70 0.39 0.61 0.80 (0.22) 2.29 (1.15) 
C6 88 (12) 0.16 32 0.49 243 (92) 0.66 104 0.62 0.58 1.41 (0.18) 4.20 (1.62) 
D6 2 - 0.08 15 0.50 719 (8) 0.14 59 0.23 0.66 0.03 - 11.46 (0.22) 
E3 13 (1) 0.05 69 0.07 1791 (47) 0.09 19 0.44 0.75 0.17 (0.02) 26.09 (0.84) 
E5 54 (0) 0.16 26 0.63 508 (30) 0.17 32 0.50 0.67 0.80 (0.00) 7.98 (0.46) 
E6 94 (5) 0.15 22 0.66 919 (27) 0.31 51 0.58 0.63 1.45 (0.08) 15.00 (0.45) 
E9 24 (4) 0.27 36 0.76 537 (122) 0.21 25 0.76 0.67 0.36 (0.05) 8.44 (1.92) 
F6 53 (10) 0.13 10 1.27 1570 (49) 0.14 10 1.37 0.59 0.84 (0.17) 26.69 (0.83) 
G12 357 (53) 0.07 3 2.40 1211 (191) 0.09 23 0.39 0.69 5.17 (0.80) 18.83 (2.98) 
G4 214 (13) 0.07 13 0.53 582 (6) 0.12 30 0.37 0.64 3.26 (0.18) 9.46 (0.16) 
G5 470 (118) 0.07 6 0.90 549 (64) 0.11 21 0.50 0.62 7.25 (1.82) 9.04 (1.06) 
G6 358 (38) 0.25 263 0.10 103 (25) 0.11 96 0.11 0.45 6.53 (0.69) 2.00 (0.48) 
G7 352 (43) 0.26 82 0.32 440 (26) 0.36 78 0.44 0.63 5.38 (0.66) 7.18 (0.42) 
G9 362 (27) 0.13 10 1.28 800 (13) 0.19 33 0.54 0.63 5.56 (0.53) 13.12 (0.07) 
H3 54 (3) 0.60 354 0.16 258 (15) 0.66 122 0.52 0.53 0.91 (0.04) 4.65 (0.28) 
H4 221 (20) 0.41 31 1.20 356 (114) 0.43 61 0.53 0.47 3.97 (0.37) 6.70 (2.15) 
H5 31 (7) 0.23 32 0.70 400 (100) 0.22 78 0.27 0.57 0.51 (0.11) 6.85 (1.71) 
H6 152 (20) 0.18 12 1.51 611 (344) 0.42 100 0.40 0.56 2.48 (0.32) 10.53 (5.93) 
S1 1338 (55) 0.19 88 0.21 150 (1) 0.30 113 0.25 0.53 22.46 (0.74) 2.67 (0.06) 
S2 1683 (542) 0.17 71 0.24 263 (172) 0.32 58 0.52 0.69 24.24 (7.81) 4.08 (2.68) 
S4 1282 (119) 0.15 15 0.97 298 (233) 0.10 48 0.20 0.68 18.64 (1.73) 4.63 (3.62) 
S6 551 (156) 0.16 16 1.04 504 (149) 0.22 57 0.37 0.70 7.85 (2.22) 7.59 (2.25) 
S7 2 - 0.09 31 0.20 267 (47) 0.22 59 0.31 0.54 0.03 - 4.70 (0.83) 
Table key: Abbreviations: XDGT: Diffusive gradient in thin film concentrations; XE: Effective concentrations; Rx: Xdgt / Xsol; AsKd: Distribution coefficient for the labile solid phase As pool 
(0.2 M NH4-oxalate (pH 3.25)-extractable-As / Assol); PKd: Distribution coefficient of labile solid phase P pool (Ptotal / Psol); XK: Rx / XKd, as per Zhang et al. (1998b). 
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Figure 4.1.14. Log-log association between arsenic diffusive gradients in thin films concentrations (AsDGT, 
mg/l) and total soluble As concentrations (mg/l). 
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Figure 4.1.15. Log-log association between phosphorous diffusive gradients in thin films concentrations 
(PDGT, mg/l) and total soluble P concentrations (mg/l). 
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The ratio of DGT to soluble As, AsR, was weakly but significantly correlated with solution P 
concentrations, soil organic carbon and the labile solid distribution coefficient (AsKd) (Table 
4.1.18). Highest RAs values generally corresponded to the lowest soluble P concentrations 
(Figure 4.1.16). The association possibly indicates a reduced flux of As due to the competition 
for the binding sites on the Fe oxide gel from P. Conversely, high soluble P may have 
displaced the labile solid phase As, leading to high initial concentrations but reducing the 
resupply capacity. The RAs values were also negatively associated with soil organic carbon. 
Different soil As and P extractions were considered for estimation of their respective 
experimental labile solid phase distribution coefficients (Kd). Based on the correlations with 
the RAs and RP values, the 0.2 M NH4-oxalate (pH 3.25)-extractable-As and total soil P were 
chosen to represent the solid labile pools (data not shown). With exception of a single sample 
(B2), the AsR values were positively correlated with the solid phase labile distribution 
coefficient (Figure 4.1.16). Solution P concentrations, soil organic carbon content and AsKd 
were inter-correlated, suggesting that their associations with RAs may be confounded.  
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Figure 4.1.16. The association between the ratio of DGT to soluble arsenic concentrations (AsR) and (A) 
soluble phosphorous concentrations, and (B) the arsenic labile solid phase distribution coefficient (AsKd). 
Independent variables are plotted on a log scale. 
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Table 4.1.18. Pearson correlation matrix between the DGT and total soluble arsenic (As) and phosphorous (P) concentrations, their ratios (XR), estimated solid 
phase distribution coefficients (XKd), and a select number of soil properties. All variables were log-transformed to normalise their distribution, with exception of 
organic carbon and soil pH. 
 AsR PR AsDGT PDGT AsKd PKd AsK AsSOL PSOL Altotal Fetotal Catotal OC pH 
AsR               
PR 0.45*              
AsDGT 0.14 -0.15              
PDGT -0.59** -0.24  -0.26            
AsKd 0.75** 0.26  -0.06 -0.60**           
PKd 0.65** 0.59** 0.24 -0.87** 0.65**          
AsK 0.11 0.07  0.22 0.30 0.74* 0.32         
AsSOL -0.22 -0.31  0.93** -0.04 -0.32 0.00 0.26        
PSOL -0.67** -0.67** -0.13 0.89** -0.58** -0.95** 0.20 0.11       
Altotal 0.52** -0.05  0.10 -0.60** 0.58** 0.38* -0.34 -0.09 -0.44*      
Fetotal 0.39* -0.01  0.52** -0.49** 0.58** 0.49** -0.47** 0.36* -0.37* 0.42*     
Catotal -0.40* 0.12  -0.20 0.64** -0.52** -0.42* 0.38* -0.06 0.44* -0.85** -0.42*    
OC -0.59** -0.44*  0.03 0.67** -0.45* -0.69** 0.08 0.24 0.72** -0.61** -0.15 0.53**   
pH 0.02 0.52** -0.26 0.18 -0.23 0.00 0.37* -0.27 -0.11 -0.20 -0.32 0.39* -0.18  
DOC -0.34 -0.60** -0.03 0.19 -0.25 -0.44* 0.03 0.10 0.43* 0.06 -0.07 -0.11 0.23 -0.40* 
Table Key: Abbreviations: Rx: Xdgt / Xsol; AsKd: Distribution coefficient of labile solid phase As pool (0.2 M NH4-oxalate (pH 3.25) -extractable-As / Assol); PKd: Distribution 
coefficient of labile solid phase P pool (Total soil P / Psol); XK: Rx / XKd, according to Zhang et al. (1998b); Xtotal: Total recoverable soil concentration.  
Probabilities: * p<0.05, ** p<0.01. 
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Table 4.1.19 summarizes six multiple linear regression models for predicting log-transformed 
AsDGT concentrations. Soluble P concentrations, soil organic carbon content and the labile As 
distribution coefficient (Kd) were found as significant predictor variables in models already 
containing soluble As concentrations (Table 4.1.19). Based on the differences in information 
criteria, models 5 and 6 are superior over other models. Total soil Fe content and soil pH were 
found as significant predictors in a linear model containing the total soil As concentration 
(Model 2, Table 4.1.19). At a fixed soil As and Fe content the As DGT concentrations were 
higher with higher pH, while at a fixed soil pH and soil As content the DGT concentrations 
decreased with increasing soil Fe content. 
Table 4.1.19. Set of multiple linear regression models for estimating log-transformed arsenic DGT 
concentrations (AsDGT). Models of different complexity included to illustrate differences in model 
likelihood. 
Response: Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 
logeAsDGT b/se b/se b/se b/se b/se b/se 
logeAsSOL 0.919***  0.945*** 1.008*** 0.997*** 1.020*** 
 (0.07)  (0.05) (0.05) (0.05) (0.04)    
logePSOL   -0.390***  -0.209*                 
   (0.08)  (0.09)                 
logeAsKD    0.512*** 0.367** 0.420*** 
    (0.09) (0.10) (0.09)    
OC      -0.084*   
      (0.03)    
logeAstotal  1.278***     
  (0.09)        
logeFetotal  -2.543**      
  (0.73)        
pH  0.488*       
  (0.20)        
constant -1.240* 0.91*** 1.479* -4.633*** -2.213 -3.722*** 
 (0.45) 0.58    (0.68) (0.68) (1.19) (0.73)    
r2 (adj.) 0.87*** 0.91*** 0.92*** 0.94*** 0.95*** 0.95*** 
RMSE 0.72 0.58 0.55 0.50 0.46 0.46    
AIC 67.98 58.15 53.11 47.28 43.98 43.67 
BIC 70.34 62.15 56.39 50.57 47.99 47.67    
N 30 30 30 30 30 30 
Table key: Abbreviations: Xtotal: Total recoverable soil concentration; Xsol: Soil pore water/soluble concentrations; 
XDGT: Diffusive gradient in thin film concentrations; OC: organic carbon; AsKd: Distribution coefficient of labile solid 
phase As pool (0.2 M NH4-oxalate (pH 3.25) -extractable-As / Assol); AIC: Akaike Information Criteria; BIC: 
Bayesian Information Criteria. Probabilities: * p<0.05, ** p<0.01, *** p<0.001. 
In comparison to As, the associations between PDGT and soil P determinations, while being 
statistically significant (p-value < 0.01), were weaker based on their Pearson correlation 
coefficient values (Table 4.1.20). The correlation coefficients varied between 0.55 and 0.89. 
Phosphorus DGT concentrations were best correlated to total soluble P concentrations (r2 = 
0.77, p-value < 0.01). PR was associated negatively with dissolved organic carbon and 
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positively with soil pH (Table 4.1.18). Like AsR, PR was also negatively associated with log-
transformed soil P determinations (Table 4.1.18). Addition of either soil pH or total soil Ca as 
a second predictor resulted in a slight improvement in the model fit, increasing r2 to 0.85, with 
soil pH and soil Ca content contributing a positive influence on PDGT concentrations.  
Table 4.1.20. Pearson correlation coefficients between the DGT phosphorus concentrations (PDGT) and 
other soil phosphorus extractions of sheep dip soils. All variables were log-transformed. 
  Ptotal POlsen PRHIZO PSoluble
PDGT 0.64*** 0.55** 0.81*** 0.89***
Table key: Abbreviations: Xtotal: Total recoverable soil concentration; Xsol: Soil pore water/soluble concentrations; 
XDGT: Diffusive gradient in thin film concentrations; XOlsen: 0.5M NaHCO3 (pH 8.5) extractable.  
Probabilities: * p<0.05, ** p<0.01, *** p<0.001. 
Table 4.1.21. Set of multiple linear regression models for estimating log-transformed phosphorus DGT 
concentrations (PDGT). Models of different complexity included to illustrate differences in model 
likelihood. 
Response: Model 1 Model 2 Model 3 Model 4 
logePdgt b/se b/se b/se b/se 
logePsol 0.682*** 0.706*** 0.575*** 0.624*** 
 (0.07) (0.06) (0.06) (0.06)    
sol pH  0.439***  0.289*   
  (0.11)  (0.12)    
logeCatotal   0.431*** 0.295*   
   (0.11) (0.11)    
constant 0.749 -1.926* -2.179* -3.017**  
 (0.51) (0.80) (0.83) (0.83)    
r2 (adj.) 0.78 0.85 0.86 0.88    
RMSE 0.44 0.36 0.35 0.32    
AICc 37.86 26.40 25.74 21.36    
BIC 40.66 30.60 29.94 26.96    
N 30 30 30 30 
Table key: Abbreviations: Xtotal: Total recoverable soil concentration; Xsol: Soil pore water/soluble concentrations; 
XDGT: Diffusive gradient in thin film concentrations; AIC: Akaike Information Criteria; BIC: Bayesian Information 
Criteria. Probabilities: * p<0.05, ** p<0.01, *** p<0.001. 
The effective concentrations (AsE, PE) of As and P are also contained in Table 4.1.17. The 
effective concentrations represent both the immediately soluble and the labile solid phase pool 
contributing to the accumulated DGT mass, assuming that the solute supply to the DGT 
interface is governed solely by molecular diffusion. Soil porosity, or more directly tortuosity, 
was the only parameter that varied in the estimation of the effective concentrations. Because 
soil porosity did not exhibit a large variance across the dataset, the effective concentrations of 
As and P were generally directly proportional to DGT concentrations (Figure 4.1.17). Overall, 
the effective concentrations were higher than the immediately soluble concentrations, 
implying that resupply from the solid was contributing to the DGT measured concentrations 
(Figure 4.1.18). 
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Figure 4.1.17. Association between the effective soil arsenic concentrations (AsE; mg/l) and the DGT 
arsenic concentrations (AsDGT; mg/l) of sheep dip soils.  
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Figure 4.1.18. Association between the effective soil arsenic concentrations (AsE; mg/l) and the total soil 
pore water arsenic concentrations (AsSOL, mg/l) of sheep dip samples. 
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4.2 In vitro arsenic bioaccessibility 
4.2.1 Results 
The results for the two parameters derived from the SBET in vitro extraction: the 
concentration of soil As extracted by the SBET procedure and the relative bioaccessibility of 
total soil As are shown in Table 4.2.1. For reasons of clarity, from this point forward the 
bioaccessible As will be used to refer to the soil As concentrations extracted by the SBET 
method, while bioaccessibility will refer to the fraction of total soil As that is bioaccessible, 
i.e the relative bioaccessibility of As. 
Bioaccessible As content ranged from 2.6 to 2,600 mg/kg, characterised by a positively 
skewed log-normal distribution (data not shown). Duplicate results were in good agreement, 
but in general the variance of SBET measurements increased with increasing bioaccessible As 
content (Table 4.2.1). Arsenic bioaccessibility, expressing the proportion of total soil As 
released following the in vitro procedure, varied between 18 and 85 %. The variation in the 
relative As bioaccessibility exhibited across the dataset is shown in Figure 4.2.1. 
Bioaccessibility values were normally distributed with a mean value of 44 % and a standard 
deviation of 15 %. Bioaccessibility never equalled 100 %, and was below 54 % for most 
samples.    
The pH of the gastric solution prior and following incubation ranged from 1.44 to 1.51 and 
from 1.45 to 1.55 respectively. The pH generally increased over the incubation period with 
maximum change recorded being 0.5 pH units. Bioaccessible As content of the standard 
reference material (SRM) 2711 was 61 ± 1.5 mg/kg (n = 4). Its bioaccessibility was 69 ± 7.0 
%, based on the determinations of total soil As content (87 ± 5 mg/kg, n = 14).  Oomen et al. 
(2002) submitted the SRM 2711 soil to the SBET extraction procedure, reporting 
bioaccessibility of 59 ± 2 %, a result that is lower compared to the results of this project. This 
deviation suggests that the in vitro procedures are influenced by operational differences. 
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Table 4.2.1. In vitro extractable arsenic concentrations (AsSBET, mg/kg) of sheep dip soil samples, along 
with the fraction of the total soil As extracted by the in vitro procedure (Bioaccessibility, %).  
Sample Bioaccessible As Bioaccessibility Sample Bioaccessible As Bioaccessibility
  (mg/kg) (%) contd. (mg/kg) (%) 
A2D 2,500 (70) 31 G12 200 (1) 40 
A3D 130 (2) 18 G4 350 (8) 44 
A4 750 (20) 32 G5 220 (20) 39 
B1 7.7 (0.2) 31 G6 1,200 (200) 58 
B2 44 (5) 33 G7 390 (10) 43 
B3 770 (20) 68 G9 170 (0.5) 56 
C10 3.4 (0.2) 26 H3 37 (0.2) 32 
C3 23 (0.8) 45 H4 79 (0.7) 44 
C6 58 (1) 63 H5 25 (0.3) 35 
D6 2.6 (0.3) 27 H6 40 (0.3) 51 
E3 12 (20) 38 S1 2,600 (40) 85 
E5 35 (0.4) 34 S2 1,600 (100) 42 
E6 43 (1) 29 S4 440 (8) 58 
E9 18 (5) 31 S6 290 (3) 66 
F6 23 (3) 58 S7 5.2 (0.3) 52 
      
Summary Bioaccessible As Bioaccessibility
  (mg/kg) (%) 
mean 400 44 
sd 700 15 
median 68 41 
min 2.6 - 2,600 18 - 85  
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Figure 4.2.1. Variation in the proportion of total soil arsenic extracted by the in vitro procedure across the 
sheep dip soils. The proportion bioaccessible is shown in black. 
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There was a positive relationship between the concentrations of As and Fe released during the 
in vitro procedure, significant at 95 % confidence interval (Figure 4.2.2). As shown in Figure 
4.2.2 the correspondence between SBET extractable As and Fe was weak for soils releasing 
less than 100 mg As/kg during the in vitro procedure. Conversely, the association between the 
two was stronger when more than 100 mg/kg of soil As was released by the in vitro 
procedure. The proportion of total Fe extracted by SBET procedure, or the relative 
bioaccessibility of soil Fe, was positively correlated to the proportion of soil amorphous Fe 
oxides, expressing the proportion of the amorphous oxide fraction in relation to the sum of 
amorphous and crystalline oxides (Figure 4.2.3). 
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Figure 4.2.2. Log-log association between soil arsenic (As) and iron (Fe) concentrations extracted by the in 
vitro procedure. 
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Figure 4.2.3. The association between the relative bioaccessibility of iron (Fe, %) verus the proportion of 
Fe oxide content accounted by the amorphous Fe fraction.  
  
87
4.2.2 Arsenic bioaccessibility: differences between sheep dip sites  
Differences in bioaccessibility between individual sheep dip sites were explored through an 
analysis of variance (ANOVA). Due to uncertainty in their source, all samples received from 
Waikato were considered as a single group, referred to as A + B. In addition, samples from 
site G and site H were included in a single group based on their close spatial vicinity. Group 
variances were not significantly different, validating one of the assumptions of the ANOVA 
procedure. Differences in group bioaccessibility means were marginally significant at the 95 
% confidence interval (p = 0.03), with inter-site differences explaining a small proportion of 
total variability (r2 = 0.26). Figure 4.2.4 indicates that the average bioaccessibility at site S 
was generally higher than at other sites. It should be noted that the analysis was limited by 
small sample sizes. With exception of site E, a large range in relative As bioaccessibility was 
demonstrated within each grouping (Figure 4.2.4). 
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Figure 4.2.4. Individual value plots of arsenic (As) bioaccessibility between different sheep dip locations, 
and the box and whisker plot of the distribution of relative As bioaccessibility for the entire dataset (n = 
30). 
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4.2.3 In vitro extractable soil arsenic: correspondence to other 
measures of soil arsenic and soil properties  
Bioaccessible As was strongly related to all other soil As extractions, reflected by the high 
Pearson correlation coefficients in Table 4.2.2. The correspondence between the soil As 
extractions and the SBET extractable soil As appeared to increase in variance with increasing 
soil As (Figure 4.2.5). Additionally, being limited in number, soils with high levels of As 
exerted a large influence on the least squares linear correlation measures. All measures of soil 
As, including bioaccessible As, were log-transformed in order to correct for the inconsistent 
variance and to normalise their distributions.  
The best single predictor of non-transformed bioaccessible As was As extracted by 0.1 M 
NH2OH.HCl (Figure 4.2.5), followed by the As representing the sum of non-specifically and 
specifically adsorbed fractions. The Pearson correlation coefficients reported in Table 4.2.2 
are based on log transformed variables. In contrast to untransformed variables, the log 
transformed bioaccessible As content correlated favourably with log transformations of more 
aggressive As determinations, such as total soil As and As associated with amorphous Fe/Al 
oxides (Figure 4.2.6). Olsen extractable As exhibited a strong association with SBET 
extractable As, both for untransformed and log transformed data (Figure 4.2.7). 
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Figure 4.2.5.  In vitro extractable soil arsenic (As, mg/kg) versus NH2OH.HCl extractable soil As (mg/kg) 
concentrations. 
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Table 4.2.2. Pearson correlation matrix for different soil arsenic extractions. Concentrations have been log-transformed. All correlations are 
significant at p-value of 0.01. 
  AsStep 1 ASSTEP 2 ASSTEP 3 ASSTEP 4 ASSTEP 5 ASSTEP 1+2 ASSTEP 1+2+3 ASOLSEN Aso AsTOTAL  
AsSBET 0.94 0.91 0.97 0.92 0.89 0.94 0.97 0.98 0.96 0.98 
AsStep 1   0.79 0.91 0.88 0.88 0.85 0.90 0.93 0.94 0.92 
ASSTEP 2    0.93 0.88 0.81 0.99 0.95 0.90 0.81 0.93 
ASSTEP 3     0.96 0.90 0.95 0.99 0.97 0.91 0.99 
ASSTEP 4      0.96 0.90 0.95 0.98 0.86 0.97 
ASSTEP 5       0.86 0.90 0.89 0.85 0.93 
ASSTEP 1+2        0.97 0.94 0.86 0.95 
ASSTEP 1+2+3         0.97 0.90 0.99 
ASOLSEN          0.94 0.98 
Aso           0.92 
AsTOTAL             
Table key:  
Abbreviations: Xtotal: Total recoverable soil concentration; Xam: Amorphous oxides (0.2M NH4-oxalate buffer); Xcry: Crystalline oxides (0.2M NH4-oxalate + 0.2M ascorbic acid); Xo: 
0.01M NH2OH•HCl (pH 2) extractable; XStep 1: 0.05 M (NH4)2SO4 fraction; XStep 2: 0.05 M NH4H2PO4 fraction; XStep 3: 0.2 M NH4-oxalate (pH 3.25) fraction; XStep 4: 0.2 M NH4-oxalate + 
0.1 M ascorbic acid fraction; XStep 5: Microwave-assisted digestion in aqua regia fraction; XOlsen: 0.5M NaHCO3 (pH 8.5) extractable; XSBET: SBET extractable concentration. 
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Figure 4.2.6. Log-log association between the in vitro extractable soil arsenic (As) and soil As associated 
with amorphous Fe/Al oxides, the latter determined as part of a sequential As fractionation.  
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Figure 4.2.7. Log-log association between in vitro soil extractable arsenic (As, mg/kg) and soil As extracted 
by the Olsen P reagent (mg/kg). 
 
  
91
The bioaccessible As concentrations were positively associated with the amorphous Fe oxide 
content, as shown on a log-log plot in Figure 4.2.8. The trend of increasing SBET extractable 
As with increasing soil amorphous Fe oxide content was demonstrated by a select number of 
samples with high soil As loading, while the association between the two variables was 
markedly weaker for samples with lower soil As content (Figure 4.2.8). The correlation is 
likely confounded by the association between soil As and Fe oxide contents, as shown in 
Figure 4.1.5.  
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Figure 4.2.8. Log-log plot of in vitro extractable soil arsenic (As, mg/kg) and the soil amorphous iron oxide 
fraction (Fe, g/kg) 
 
4.2.4 Arsenic bioaccessibility: association with soil properties 
Pearson correlation coefficients and scatter plots were used to explore the relationships 
between As bioaccessibility and soil properties. Pearson correlation coefficients and 
associated uncorrected probabilities for a number of influential soil properties are presented in 
Table 4.2.3. Where warranted, soil chemical properties were log-transformed. The log 
transformation of independent variables resulted in slightly improved correlation coefficients. 
Consistency between Pearson and Spearman correlation coefficients was also assessed, with 
trends between the relative As bioaccessibility and soil variables being in agreement for the 
two correlation measures. The Spearman correlation matrix is therefore not presented. 
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Bioaccessible As was negatively correlated to crystalline Al and Fe oxide contents, with 
relationships significant at a p-value of 0.05 (Figure 4.2.9 and Figure 4.2.10, Table 4.2.3). 
Arsenic bioaccessibility also exhibited significant negative linear correlations with total soil 
Mn, Mn extracted by the hydroxylamine reagent and also Mn fractions extracted by reagents 
targeting amorphous and crystalline Al and Fe minerals. Figure 4.2.11 shows the negative 
association between As bioaccessibility and amorphous Mn oxide concentrations. Figure 
4.2.9, Figure 4.2.10 and Figure 4.2.11 show that As bioaccessibility was generally the lowest 
in samples containing highest Al/Mn/Fe oxide contents, and highest in soils with low 
crystalline oxide contents.   
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Figure 4.2.9. The association between the relative arsenic bioaccessibility (%) and log-transformed soil 
crystalline aluminium oxide content (g/kg). 
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Figure 4.2.10. The association between the arsenic relative bioaccessibility (%) and log-transformed 
crystalline Fe oxide content (g/kg). 
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Figure 4.2.11. The association between the relative arsenic bioaccessibility (%) and the soil amorphous Mn 
oxide content (g/kg). 
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Table 4.2.3. Matrix of pearson correlation coefficients between arsenic bioaccessibility and select soil properties of sheep dip samples (n = 30).  
  Altotal Catotal Fetotal Mntotal Fecry Alcry Mnam Aso CEC BS Clay OC Soil pH 
Catotal -0.81**              
Fetotal 0.64** -0.49**             
Mntotal 0.45* -0.15 0.21            
Fecry 0.62** -0.57** 0.86** 0.33           
Alcry 0.55** -0.45** 0.41* 0.53** 0.57**          
Mnam 0.46* -0.23 0.25 0.96** 0.45** 0.60**         
Aso -0.12 -0.07 0.37* -0.37* 0.24 -0.30 -0.34        
CEC -0.23 0.41* -0.18 0.31 0.05 0.17 0.36 -0.37*       
BS -0.46* 0.51** -0.15 -0.22 -0.28 -0.36 -0.25 0.27 -0.27      
clay 0.24 -0.08 0.33 0.38* 0.32 0.52** 0.44* -0.16 0.09 -0.21     
OC -0.58** 0.52** -0.27 0.06 -0.05 -0.15 0.13 0.06 0.58** 0.33 -0.34    
Soil pH -0.22 0.46** -0.29 -0.10 -0.40** -0.23 -0.13 -0.33 0.35 -0.01 0.22 -0.18   
BioAc -0.39* 0.28 -0.28 -0.57** -0.42* -0.50** -0.58** 0.47** -0.33 0.45* -0.26 -0.09 0.22 
Table key: Abbreviations: Xtotal - Total; Xcry. - Crystalline; Xam - Amorphous; CEC - cation exchange capacity; BS - base saturation; OC - Organic carbon; BioAc - Relative As 
bioaccessibility (%). Xo: 0.01M NH2OH•HCl (pH 2) extractable. Probabilities: * p<0.05, ** p<0.01 
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A negative trend was also observed between As bioaccessibility and CEC (Figure 4.2.12). 
Likewise, As bioaccessibility tended to decrease as organic carbon content increased (not 
shown). However neither relationship was significant at the 95 % confidence level. There was 
also an indication of decreasing bioaccessibility with increasing soil clay content (Figure 
4.2.12). With only 7 soils possessing clay content above 5 % it can only be tentatively 
inferred that variation in bioaccessibility is lower in samples with higher clay content than in 
samples with lower clay content (Figure 4.2.12). 
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Figure 4.2.12. Associations between the relative arsenic bioaccessibility (%) and cation exchange capacity 
(a), clay percentage (b), soil pH (c), and base saturation percentage (d). 
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Base saturation exhibited a positive correlation with As bioaccessibility, significant at the 95 
% confidence level. Figure 4.2.12 indicates that the potential relationship between BS and As 
bioaccessibility is divergent, suggesting that the correlation may not always be apparent. A 
trend of increasing As bioaccessibility with increasing pH was also observed, not significant 
at the 95 % significance level (p = 0.26). Recognising the limited number of observations at 
both high and low pH levels and also the large variance in bioaccessibility at comparable pH 
levels, As bioaccessibility in general decreased with increasing acidity (Figure 4.2.12). 
Determinations of soil As representing more kinetically labile and minor proportions of total 
soil As were more strongly correlated to As bioaccessibility, with As extracted by 
hydroxylamine reagent being significantly related to bioaccessibility at a 99 % significance 
level (Table 4.2.4). The proportions of total soil As extracted by Olsen and hydroxylamine 
reagents were positively correlated to As bioaccessibility (Table 4.2.4). When considered as 
proportions of total soil As, a contrast emerged between non-specifically adsorbed As and As 
associated with crystalline Al and Fe, with As associated with crystalline oxides being 
negatively correlated to bioaccessible As, while non-specifically adsorbed As was positively 
correlated to As bioaccessibility (Figure 4.2.13, Table 4.2.4).  
Table 4.2.4. Pearson correlation matrix for the proportions of total soil arsenic accounted by different soil 
extractions for a set of surface soil samples from sheep dip sites. 
  BioAc % Step 1 % Step 2 % Step 3 % Step 4 % Step 5 % AsOlsen 
% Step 1 0.50*        
% Step 2 0.20 -0.17       
% Step 3 0.19 0.14 -0.06      
% Step 4 -0.52** -0.25 -0.46 -0.60**     
% Step 5 -0.15 -0.06 -0.39 -0.82** 0.50**    
% AsOlsen 0.57** 0.50** 0.18 0.38 -0.63** -0.30   
% Aso 0.61** 0.79** -0.13 0.15 -0.18 -0.11 0.41 
Table key: Abbreviations. Step 1: 0.05 M (NH4)2SO4; Step 2: 0.05 M NH4H2PO4; Step 3: 0.2 M NH4-oxalate; pH 
3.25; Step 4: 0.2 M NH4-oxalate + 0.1 M ascorbic acid; Step 5: Microwave-assisted digestion in aqua regia; 
AsOlsen: 0.5M NaHCO3 (pH 8.5) extractable; Aso: 0.01M NH2OH•HCl (pH 2) extractable. Probabilities: * p<0.05, ** 
p<0.01. 
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Figure 4.2.13. The association between the relative arsenic bioaccessibility (%) and the proportion of total 
soil arsenic extracted by NH2OC.HCl (a), and the proportion of total soil arsenic associated with Step 4 of 
the sequential extraction procedure (NH4-oxalate + ascorbic acid) (b). 
4.2.5 Interaction between soil iron oxides and soil arsenic on the 
relative bioaccessibility of arsenic 
The linear associations between As bioaccessibility and individual soil properties were 
generally weak, exhibiting large variance and having characteristically low to moderate 
Pearson correlation coefficients (< 0.7). Out of all the determined physiochemical soil 
properties, the strongest correlation with relative bioaccessibility was exhibited by amorphous 
Mn concentrations (Table 4.2.3, Figure 4.2.11). Out of amorphous Mn, crystalline Al and 
crystalline Fe oxides, the crystalline Fe oxides demonstrated the poorest association with As 
bioaccessibility. Additionally, out of the above three metal oxide determinations, the soil 
crystalline Fe oxide content was the only property exhibiting a positive correlation with the 
SBET extractable soil As concentrations (Table 4.2.5); an association that is likely a reflection 
of the positive association between soil As and soil Fe oxide content, as reported in Section 
4.1.1 (Figure 4.1.5). Because the relative bioaccessibility of As is a function of SBET-
extractable soil As concentrations, the positive correlation between the SBET extractable As 
and crystalline Fe oxides may exert a confounding influence on the negative correlation 
between the relative As bioaccessibility and soil Fe oxides.  
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Table 4.2.5. Pearson correlation coefficients between log-transformed in vitro extractable arsenic 
concentrations and log-transformed soil crystalline iron, crystalline aluminium and amorphous 
manganese oxide concentrations. 
 logeFeCRY logeAlCRY logeMnAM 
logeAsSBET 0.46** -0.04 -0.14 
Table key: Abbreviations: Xcry. - Crystalline; Xam - Amorphous; XSBET - In vitro. Probabilities: * p<0.05, ** p<0.01. 
Subsequently, with an assumption that the potential influence of soil As content on the 
association between crystalline Fe oxides and As bioaccesibility is an artefact and 
undesirable, different transformations were applied to crystalline Fe oxide content to remove 
the influence. Transformations were formulated stochastically. The transformation producing 
the strongest linear association with As bioaccessibility was achieved by dividing the 
crystalline Fe oxides by the logarithm of total soil As: 
( )ArsenicSoilTotal
oxidesFeeCrystallinAsFeTRANS c
10log
)(1 =−  
, producing a unitless secondary variable. The new variable was negatively associated with 
the relative As bioaccessibility, as is shown in Figure 4.2.14; the Pearson correlation between 
the log transformed secondary variable and relative bioaccessibility was 0.72, with the 
association significant at the 99 % confidence limit. The three observations characterised by 
the lowest value of the secondary variable exerted a significant influence on the association 
(Figure 4.2.14).  
It is apparent from Figure 4.2.14 that the relative As bioaccessibility data corresponds more 
closely with the secondary variables TRANS1, compared to the primary soil properties. The 
Fe oxide fractionation scheme does not exhibit ideal specificity for the Fe oxide phases;  the 
scheme will liberate poorly crystalline ferric arsenates, if present. Alternatively, the correction 
by the inverse of total soil As could approximate the concentration saturation effect of As 
sorption on crystalline minerals. As reported in Section 4.2.1 above, at high soil As loadings 
As and Fe concentrations in the SBET extraction solutions were correlated. The secondary 
variable should be considered with caution: it was derived from empirical observations of a 
limited dataset. Despite this, TRANS1 displays the strongest association for a singular variable 
and relative As bioaccessibility. 
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Figure 4.2.14. The association between relative arsenic bioaccessibility (%) and the secondary variable 
TRANS1 (crystalline iron oxide concentrations adjusted by the inverse logarithm of total soil arsenic). 
4.2.6 Modelling in vitro bioaccessible As content (AsSBET) 
Multiple linear regression was used to develop a set of models for predicting SBET As 
concentrations. The response variable (AsSBET) was loge transformed to reduce the weighting 
given to a few, highly impacted soils, therefore normalising the log-normal distribution of soil 
As concentrations. A small number of samples with either background or high As 
concentrations exerted a large influence on the least-squared error regression analysis. For 
instance, there were only 10 samples out of 30 containing soil As between 700 and 8,000 
mg/kg. The analysis of the log-transformed data was carried out on two different initial 
sample pools, one containing all observations (n = 30) and the other containing As at 
concentrations elevated above background (n = 27). The latter pool was formed by 
considering background concentrations to be less than or equal to 15 mg/kg, thus eliminating 
samples S7, D6 and C10.  
Favourable predictor variables were initially screened using the stepwise algorithm.  Soil 
properties introduced as predictors into the stepwise algorithm were selected based on insights 
gained from exploratory results described in Sections 4.2.3 and 4.2.4. Secondary variable 
TRANS1 was not considered. In instances where predictor variables were correlated, 
encountered between different determinations of soil As or for different metal oxide fractions, 
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the affected variables were separately assessed as possible predictors. In conjunction with 
measures of a model’s goodness of fit, being standard error of estimates and the adjusted 
coefficient of determination (r2 adj.), Akaike Information Criteria (AIC) and Bayesian 
Information Criteria (BIC) were employed to guide model selection. Differences in 
information criteria within a given model set, expressed herein as relative to the model with 
the largest AIC or BIC score, were used in assessing the bias or overfitting of the data. The 
model with largest information criteria represents the least-likely explanation of the data.  
Relative differences in information criteria of -5 to -10 were interpreted as providing some 
empirical support that the given model is better than the least likely model, while differences 
over -10 were considered to provide strong support. The models were checked for the least-
squares regression assumptions, most importantly heteroskedasticity and normality of 
residuals (data not shown). Points with high residuals or leverage were assessed for their 
influence using Cook’s distance measure (data not shown). Samples A2D, S7 and D6, 
representing observations on either end of the As content range, were commonly detected as 
influential.  
A set of models for predicting AsSBET concentrations is presented in Table 4.2.6. The set 
represents a short range of increasing complexity or equations with alternative combination of 
independent variables. Predictors providing the best fit to the logarithm of measured 
bioaccessible As content included different permutations of soil As, Fe and Mn fractions and 
soil pH (Table 4.2.6). Both total and oxide fractions of soil Fe and Mn exhibited negative 
coefficients with SBET extractable As, while soil pH exerted a positive influence on 
bioaccessible As. Based on the models, it can be inferred that the fraction of soil As extracted 
by the SBET procedure decreased with the increasing Fe and Mn soil oxide content and 
increased with the increasing soil pH.  
The adjusted r2 values were consistently high for all four models of log-transformed data, 
ranging from 0.97 to 0.99. Greater discrimination between the four models was observable 
using standard error values: they decreased from 0.34 to 0.19 with increasing number of 
dimensions. It should be noted that inclusion of soil pH as a fifth term did not lead to 
substantial improvement in the model fit (Table 4.2.6). The AICc and BIC values decreased 
consistently with addition of predictors. Based on the ΔAIC and ΔBIC values, Models 3 and 4 
provide a better explanation of the data than Models 1 and 2, but there is no strong support 
that Model 4 is more favourable to Model 3. However, due to the limited sample size (n = 
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30), models containing more than 2 parameters, inclusive of the intercept, should be 
considered with caution. 
A matrix plot of model fitted and observed SBET-extractable As concentrations, based on 
Models 1-4 in Table 4.2.10, is shown in Figure 4.2.15. It has been constrained to exclude 
samples with total soil As above 600 mg/kg for the benefit of differentiating the four models. 
The figure shows that Model 3 and 4 predicted values are closer to the observed data, with the 
concentrations predicted by Model 1 being less accurate. 
Table 4.2.6. Set of multiple linear regression models for predicting log-transformed SBET extractable 
concentrations.  For each predictor the table includes the coefficient (b) and its standard error (se). Model 
statistics includes the adjusted coefficient of determination (r2 adj.), root mean square error (RMSE) and 
Akaike and Bayesian information criteria (AIC and BIC). The relative differences in information criteria 
are shown with respect to the highest score of the model subset.  
Response: Model 1 Model 2 Model 3 Model 4 
logeAsSBET b/se b/se b/se b/se 
logeAstotal 1.04*** 1.15*** 1.13*** 1.16*** 
(mg/kg) (0.03) (0.03) (0.03) (0.03)    
Fecry  -0.20***                  
(g/kg)  (0.03)                  
Mntotal   -0.0011*** -0.0009*** 
(mg/kg)   (0.0002) (0.0002)    
Feam+cry   -0.05***                 
(g/kg)   (0.01)                 
Fetotal    -0.04*** 
(g/kg)    (0.01)    
soil pH    0.18*   
    (2.71)    
constant -1.13*** -0.72*** -0.57** -1.19*   
 (0.20) (0.15) (0.17) (0.47)    
r2(adj.) 0.969 0.985 0.989 0.991 
SE 0.344 0.234 0.207 0.187 
AIC 23.5 1.9 -4.0 -8.4 
ΔAIC 0.0 -21.6 -27.5 -31.9 
BIC 25.9 5.1 0.0 -3.9 
ΔBIC 0.0 -20.7 -25.8 -29.8 
N 30 30 30 30 
Table key: Abbreviations: Xtotal: Total recoverable soil concentration; Xam: Amorphous oxides (0.2M NH4-oxalate 
buffer); Xcry: Crystalline oxides (0.2M NH4-oxalate + 0.2M ascorbic acid); AIC: Akaike Information Criteria;  
BIC: Bayesian Information Criteria; ΔIC = ICi - ICmax. Probabilities: * p<0.05, ** p<0.01, *** p<0.001. 
 
Removal of the samples considered to contain As at background concentrations lead to minor 
differences in parameter selection and their coefficients, and small improvement in the 
goodness of fit (Table 4.2.7). Based on the relative differences in AIC and BIC statistics in 
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Table 4.2.7, model 9 provides the best explanation of the censored data, followed by models 7 
and 8. The large relative differences in the information criteria for models 5 and 6 suggest that 
the simpler models fail to account for the composition in observed data. In comparison to the 
models for the entire dataset, the addition of soil pH as a predictor had a greater effect on the 
fit and the model likelihood when the low As samples were removed (Table 4.2.7). 
Table 4.2.7. Set of multiple linear regression models for predicting log-transformed SBET extractable 
concentrations, derived following removal of samples containing total soil arsenic at concentrations below 
15 mg/kg.  For each predictor the table includes the coefficient (b) and its standard error (se). Model 
statistics includes the adjusted coefficient of determination (r2 adj.), root mean square error (RMSE) and 
Akaike and Bayesian information criteria (AIC and BIC).  
 Model 5 Model 6 Model 7 Model8 Model 9 
 b/se b/se b/se b/se b/se 
logeAstotal 1.03*** 1.14*** 1.17*** 1.12*** 1.20*** 
(mg/kg) (0.04) (0.03) (0.03) (0.03) (0.03)    
Fecry  -0.20*** -0.18***                  
(g/kg)  (0.03) (0.03)                  
soil pH   0.21**                 0.25*** 
   (0.07)                 (0.05) 
Fetotal                    -0.04*** 
(g/kg)                    (0.01) 
Mno     -0.0011*** -0.0008*** 
(mg/kg)    (0.00020) (0.00016) 
Feam+cry    -0.05***  
(g/kg)    (0.01)     
constant -1.05*** -0.67*** -2.12*** -0.51*   -1.81*** 
 (0.25) (0.17) (0.52) (0.18)    (0.40) 
r2 (adj.) 0.959 0.983 0.987 0.988 0.993 
SE 0.344 0.220 0.192 0.185 0.141 
AICcorr 21.3 -1.4 -7.2 -9.3 -22.1 
ΔAIC 0.0 -22.8 -28.5 -30.6 -43.4 
BIC 23.5 1.5 -3.6 -5.7 -18.1 
ΔBIC 0.0 -21.9 -27.1 -29.2 -41.6 
N 27 27 27 27 27 
Table key: Abbreviations: Xtotal: Total recoverable soil concentration; Xam: Amorphous oxides (0.2M NH4-oxalate 
buffer); Xcry: Crystalline oxides (0.2M NH4-oxalate + 0.2M ascorbic acid); Xo: 0.01M NH2OH•HCl (pH 2) 
extractable; AIC: Akaike Information Criteria; BIC: Bayesian Information Criteria; ΔIC = ICi - ICmax.  
Probabilities: * p<0.05, ** p<0.01, *** p<0.001. 
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4.2.7 Modelling arsenic bioaccessibility 
Compared with SBET As concentrations, multiple linear regression models were less 
successfully able to fit As bioaccessibility, with model root mean squared errors ranging 
between 7.5 and 9.7 % and adjusted coefficient of determination statistics ranging from 0.59 
and 0.76 (Table 4.2.8). Table 4.2.8 summarises a set of models with increasing complexity or 
predictor composition. Based on the information criteria and fit statistics model 5 provided 
the best empirical explanation of the data, followed by models 3 and 4, with models 1 and 2 
being considerably less favourable.  
Soil properties found as favourable predictors for bioaccessibility were similar to those 
reported as significant in formulations of models for predicting the SBET As concentrations, 
and included soil Mn and Fe fractions and soil pH (Table 4.2.8). Crystalline Fe and soil Mn 
coefficients were negative, while soil As content and pH were positively associated with 
bioaccessibility (Table 4.2.8). The logarithm of soil As concentration was a significant 
predictor in all models containing soil Fe oxides as a predictor. Its positive coefficient 
suggests that relative bioaccessibility (%) either increases with increasing soil As, or 
alternatively the inclusion of the logeAs term is analogous to the secondary variable TRANS1.  
The comparison between the model-fitted and observed relative As bioaccessibility is shown 
in Figure 4.2.16 for the five models presented in Table 4.2.8. The figure shows that the scatter 
of predicted bioaccessibility values decreases with increasing model complexity, with greatest 
improvements in model accuracy occurring for samples with bioaccessibility above 40 %.    
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Table 4.2.8. Set of multiple linear regression models for predicting the relative arsenic bioaccessibility 
(%).  For each predictor the table includes the coefficient (b) and its standard error (se). Model statistics 
includes the adjusted coefficient of determination (r2 adj.), root mean square error (RMSE) and Akaike 
and Bayesian information criteria (AIC and BIC). 
Response: Model 1 Model 2 Model 3 Model 4 Model 5 
Bioaccessibility (%) b/se b/se b/se b/se b/se 
loge Astotal 7.05*** 5.91*** 6.15*** 6.39*** 7.41*** 
(mg/kg) (1.25)    (1.23)    (1.15) (1.23) (1.13) 
Fecry -8.79***     
(g/kg) (1.41)        
Feam+cry  -2.13*** -2.54***   
(g/kg)  (0.46)    (0.43)   
loge Fe    -54.84*** -54.30*** 
(g/kg)    (10.84) (9.50) 
loge Mnam  -13.50***  -13.68*** -12.75*** 
(g/kg)  (2.86)     (2.74) (2.42) 
loge Mn   -25.19***   
(mg/kg)   (4.75)   
loge Mnam+cry      
(mg/kg)      
soil pH     7.70** 
     (2.59) 
constant 49.74*** 12.65    190.49*** 169.64*** 119.81** 
 (6.30)    (6.36)    (30.61) (31.99) (32.66) 
r2(adj) 0.59 0.66 0.69 0.68 0.76 
se 9.70 8.91 8.41 8.54 7.49 
BIC 228.5 225.7 222.2 223.2 217.5 
ΔBIC 0.0 -2.9 -6.3 -5.4 -11.1 
AICc 225.2 221.7 218.2 219.2 213.0 
ΔAICc 0.0 -3.6 -7.0 -6.1 -12.3 
n 30 30 30 30 30 
Table key: Abbreviations: Xtotal: Total recoverable soil concentration; Xam: Amorphous oxides (0.2M NH4-oxalate 
buffer); Xcry: Crystalline oxides (0.2M NH4-oxalate + 0.2M ascorbic acid); Xo: 0.01M NH2OH•HCl (pH 2) 
extractable; AIC: Akaike Information Criteria; BIC: Bayesian Information Criteria; ΔIC = ICi - ICmax. Probabilities: * 
p<0.05, ** p<0.01, *** p<0.001. 
Exclusion of three observations (D6, S7 and C10) deemed not impacted by As resulted in an 
improvement in the empirical fit of As bioaccessibility, as shown for an expended set of 
models in Table 4.2.9. When included in the dataset, samples D6 and S7 exhibited a large 
influence on the model coefficients. Models 9 and 12, representing the models with largest 
number of parameters were also the most favourable models in the Table 4.2.9 set. 
Additionally, the information criteria suggest that Model 9 is superior to Model 12. In 
contrast, models 8 and 11 were not considerably different from the simplest model 6 (Table 
4.2.9). It is emphasised that given the small number of observations, it is probable that 
inclusion of three or more independent terms leads to model overfitting of the limited dataset. 
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Table 4.2.9. Set of multiple linear regression models for predicting the relative arsenic bioaccessibility 
(%), derived following removal of samples containing total soil arsenic at concentrations below 15 mg/kg.  
For each predictor the table includes the coefficient (b) and its standard error (se). Model statistics include 
the adjusted coefficient of determination (r2 adj.), root mean square error (RMSE) and Akaike and 
Bayesian information criteria (AIC and BIC). 
Response: Model 6 Model 7 Model 8 Model 9 Model 10 Model 11 Model 12 
Bioaccessibility b/se b/se b/se b/se b/se b/se b/se 
loge As 6.99*** 4.89** 8.13*** 8.73*** 6.13*** 7.43*** 9.85*** 
(mg/kg) (1.38) (1.37) (1.29) (1.30)    (1.29) (1.80) (1.38)    
Fecry -8.79***  -8.04***                    
(g/kg) (1.36)  (1.24)                    
Feam+cry  -1.99***                  -2.56***   
(g/kg)  (0.42)                  (0.40)   
loge Fe    -57.57***  -63.58*** -65.29*** 
(g/kg)    (8.78)     (13.22) (9.40)    
loge Mnam  -15.25***  -11.31***    
(g/kg)  (2.78)  (2.19)       
loge Mn     -25.29*** -18.94** -16.12*** 
(mg/kg)     (4.53) (5.50) (3.95)    
soil pH   8.62* 10.59***   11.61*** 
   (3.12) (2.16)      (2.39)    
constant 50.17*** 15.31* -9.24 108.35*** 191.54*** 328.77*** 237.02*** 
  (7.27)   (6.12) (22.47) (27.62)    (30.02) (43.91) (36.48)    
r2(adj) 0.62 0.74 0.70 0.86    0.74 0.65 0.82    
SE 9.35 7.79 8.28 5.72    7.72 9.04 6.43    
BIC 204.0 196.3 199.6 181.8 195.8 204.4 188.0 
ΔBIC 0.0 -7.7 -4.4 -22.3 -8.2 0.4 -16.0 
AICc 201.1 192.8 196.0 177.8 192.2 200.8 184.1 
ΔAICc 0.0 -8.3 -5.0 -23.3 -8.8 -0.2 -17.0 
n 27 27 27 27 27 27 27 
Table key: Abbreviations: Xtotal: Total recoverable soil concentration; Xam: Amorphous oxides (0.2M NH4-oxalate 
buffer); Xcry: Crystalline oxides (0.2M NH4-oxalate + 0.2M ascorbic acid); Xo: 0.01M NH2OH•HCl (pH 2) 
extractable; AIC: Akaike Information Criteria; BIC: Bayesian Information Criteria; ΔIC = ICi - ICmax. Probabilities: * 
p<0.05, ** p<0.01, *** p<0.001. 
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Figure 4.2.15. Model predicted versus observed in vitro extractable soil arsenic concentrations (mg/kg) for a sample of sheep dip soils. Axes were constrained to 600 mg/kg. 
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Figure 4.2.16. Model predicted versus observed soil arsenic bioaccessibility (%) values for a sample of sheep dip soils. 
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4.2.8 Further model development and cross-validation 
A number of linear models for predicting either the relative As bioaccessibility (%) or the 
bioaccessible soil As content (mg/kg) as a function of soil properties have recently been 
derived from studies evaluating the influence of soil properties on As bioaccessibility (Sarkar 
et al., 2007, Juhasz et al., 2007b, Tang et al., 2007, Yang et al., 2002). Three models, provided 
within two of these studies, were validated against the data of this project. The experimental 
and model details are summarised in Table 4.2.10. A study of As bioaccessibility (mg/kg), as 
determined by the SBET in vitro extraction, across 50 field contaminated soils, derived a set 
of models for estimation of bioaccessible As concentrations (Juhasz et al., 2007b). Two of the 
models reported by Juhasz, et al. (2007b) were evaluated in this project: Model 1 was reported 
as the best model for the entire range of As concentrations considered by the authors, while 
model 2 represents the best model for the subset of samples containing less than 100 mg/kg of 
As (Table 4.2.10) .The model derived by Yang et al. (2002), referred to as Model 3, 
represents the estimation of relative bioaccessibility (%) of 36 different soils spiked with As 
and aged for 6 months. The authors applied a different in vitro extraction method (PBET) to 
that used in the present study (Yang et al., 2002). 
As shown in Table 4.2.10, the soil analyses reported by the two studies did not correspond 
with those soil properties found as most favourable through the model selection analysis of 
this project. Additionally both studies used the citrate-dithionate-bicarbonate extraction to 
represent the sum of amorphous and crystalline metal oxides, in contrast to NH4-oxalate + 
ascorbic acid reagent used within this project. Both studies also measured soil pH in CaCl2, 
while water was used within this project. The different in vitro procedure utilised by Yang et 
al. (2002), the different sources of contamination, and the differences in methods of soil 
analyses all present potential problems for model validation. 
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Table 4.2.10. Summary of two published studies used in validation of the developed multiple linear 
regression models. The table also contains the parameters for linear models reported by the two 
experiments. 
Study details Model summary 
Model 
(study) 
Soil As 
(mg/kg) Source 
In vitro 
method 
Soil 
properties Response Predictor b / se SE N 
Astotal 
0.409 
(0.029) 
Fetotal 
-4.759 
(1.35) 
J1. 
(Juhasz et 
al., 2007b) 
13 
 -  
12,871 
k 67.85 (43.61) 
202 50 
Astotal 
0.359 
(0.108) 
Fed 
2.100 
(0.796) 
J2. 
(Juhasz et 
al., 2007b) 
13 - 91 
Pesticide, 
Mine, 
Sheep dip 
& Gossan 
soils 
SBET 
Astotal 
Altotal 
Fetotal 
Ptotal 
Fed 
soil pH 
AsSBET 
(mg/kg) 
k 9.777 (9.349) 
9.11 12 
soil pH 11.3 (0.89) 
Y3. 
(Yang et 
al., 2002) 
13 - 100 
Spiked 
soils 
(6 month) 
PBET 
Astotal 
soil pH 
CEC 
OC 
PSD 
Fed 
Mnd 
AsBIOAC 
(%) 
log10Fed 
30.5 
5.0 
13.7 36 
Table key: Abbreviations: Xtotal: Total recoverable soil concentration; Xd: Free oxides (citrate-dithionate-
bicarbonate extractable); OC: organic carbon; CEC: cation exchange capacity; PSD: Particle Size Distribution; 
AsSBET: SBET extractable concentration; AsBIOAC: Relative As bioaccessibility (%). 
 
The three external models listed in Table 4.2.10 were used to estimate the bioaccessible As 
concentrations and relative As bioaccessibility of the sheep dip soil samples. The dataset was 
additionally subset to match the range of soil As concentrations used in formulating the 
models. Table 4.2.11 contains the absolute and root means squared errors for the model 
estimated and the observed AsSBET concentrations and respective bioaccessibility percentages. 
Negative estimations were ignored. Differences between the three models are best 
demonstrated by the measures of prediction accuracy for the subset of soils containing As 
below 100 mg/kg (Table 4.2.11). The root mean square error for relative bioaccessibility 
predictions for Model 3 was 11.6 %, compared to 23.1 % for Model 2. In contrast Model 1 
predicted negative As bioaccessible concentrations for all 11 samples containing soil As 
below 100 mg/kg. Model 3 was also the most accurate predictor of relative bioaccessibility 
for the entire dataset, based both on the root mean squared errors and absolute errors (Table 
4.2.11). However it failed to adequately estimate the bioaccessibility concentrations of 
samples with high As loadings, reflected in the relatively higher RMS and absolute errors for 
AsSBET predictions (Table 4.2.11). 
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Table 4.2.11. Cross-validation results: agreement between the observed and the model predicted in vitro 
extractable soil arsenic concentrations and the relative arsenic bioaccessibility values using the four 
external models summarized in Table 4.2.10. 
 All (n = 30) As < 100 (n = 11 ) 
 SBET (mg/kg) Bioaccessibility(%) SBET (mg/kg) 
Bioaccessibility
(%) 
Absolute error 
156.1 ± 278.7 
(12 negative) 
22.1 ± 16.2 (all negative) - Model 1 
(Juhasz et al., 
2007b) RMSE 315.3 27.1 (all negative) - 
Absolute error 
129.7 ± 291.7 
(1 negative) 
15.4 ± 13.7 7.8 ± 8.4 17.8 ± 15.6 Model 2 
(Juhasz et al., 
2007b) RMSE 314.8 20.4 11.2 23.1 
Absolute error 206.8 ± 491.5 13.2 ± 11.6 3.6 ± 3.3 10.4 ± 6.6 Model 3 
(Yang et al., 
2002) RMSE 528.9 17.5 4.8 11.6 
 
Following the evaluation of external models using the sheep dip data, the models developed 
using the sheep dip soils were subsequently evaluated using the external data. Due to the 
differences in scope of soil analyses carried out by Juhasz, et al. (2007b) and Yang et al. 
(2002) in relation to this study, none of the two-parameter or higher models presented in 
Sections 4.2.6 and 1.1.1 could be utilised. Instead new models were developed based on the 
pool of shared soil properties reported in the two studies, identified in bold text in Table 
4.2.10. Additionally the sheep dip dataset was filtered according to four different criteria: all 
samples, samples containing As at 15 mg/kg, samples containing As at levels lower than 600 
mg/kg and also the combination of the latter two. The 600 mg/kg subset limit was chosen to 
better reflect the range of soil As concentrations used by Yang et al. (2002), while still 
encompassing the majority of the dataset (n = 20).  Models were derived and selected 
following the same procedures described in Section 4.2.6, but for pragmatism, the 
bioaccessible As concentration was the only dependent variable considered. Four models (V1-
V4) each representing the single best model for each data subset, are summarised in Table 
4.2.12. 
The accuracy of four models from Table 4.2.12 in predicting the bioaccessible As 
concentrations and the relative As bioaccessibility reported by Juhasz, et al. (2007b) and Yang 
et al. (2002) is compared in Table 4.2.13, based on the root mean squared error and absolute 
errors. The four models predicted Yang et al. (2002) bioaccessibility data more accurately 
than the Juhasz, et al. (2007b) data, shown both by the smaller absolute and root mean 
squared errors in Table 4.2.13 and in the matrix graphs of observed versus model estimated 
As bioaccessibility (Figure 4.2.17, Figure 4.2.18). According to root mean squared errors, the 
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four models were indistinct in  predicting the Yang et al. (2002) AsSBET concentrations, but 
model 3 stood out as the most accurate predictor of relative As bioaccessibility, having a 
RMSE of 12.6 %, followed by Model 4. Model 3 represented the fraction of dataset 
containing soil As between 15 and 600 mg/kg.  
Model 2 yielded the most accurate prediction of Juhasz, et al. (2007b) data, while in contrast 
models 3 and 4 were inaccurate. The most significant distinction between model 2 and models 
3 and 4 is the inclusion of soil pH in the latter two. There was little differentiation of 
predictive ability of all four models across the different subsets of the Juhasz, et al. (2007b) 
data, model 2 consistently representing the best predictor, with a RMSE of 22.3 % for all the 
observations. While model 4 did not provide an accurate estimation of the relative As 
bioaccessibility, its predictive values were clearly best associated with the data (Figure 
4.2.18). The overestimation of the observed data by Model 4 may due to the difference in the 
matrix used for soil pH measurement between this project and Juhasz, et al. (2007b), 
potentially inflating the effect of pH.  
With both datasets considered in unison models 2 and 4 provided the closest estimation of the 
external data, based on the matrix graphs and the root mean square errors, although large 
variances in observed data remain unexplained. For instance both Juhasz, et al. (2007b) and 
this project produced empirical models characterised by similar structure for predicting SBET 
extractable soil As concentrations: involving total soil As and soil Fe oxide fractions. And 
consequently, when cross-validated models explained the general pattern on the independent 
dataset but failed to successfully estimate the bioaccessible concentrations or the relative 
bioaccessible content of the independent data.   
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Table 4.2.12. Multiple linear regression models for predicting the log-transformed in vitro extractable arsenic concentrations, developed on the sheep dip soil data using 
the independent variables shared by Juhasz, et al. (2007b) and Yang, et al. (2002). The four models represent different data subsets. 
Response: loge AsSBET Model V1 Model V2 Model V3 Model V4 
Sample detail: All As < 600 15 < As < 600 15 < As 
 b/se b/se b/se b/se 
logeAstotal 1.172*** 1.124*** 1.142*** 1.192*** 
 (0.04) (0.05) (0.05) (0.04) 
logeFeam+cry -0.804***   -0.727*** 
 (0.18)   (0.17) 
Feam+cry  -0.093* -0.076*  
  (0.04) (0.03)  
Soil pH   0.247* 0.186* 
   (0.09) (0.09) 
Constant -0.093 -0.793* -2.428** -1.427 
 (0.28) (0.29) (0.71) (0.71) 
r2 0.981 0.966 0.973 0.981 
SE 0.265 0.250 0.172 0.231 
n 30 20 17 27 
Table key: Abbreviations: Xtotal: Total recoverable soil concentration; Xam: Amorphous oxides (0.2M NH4-oxalate buffer); Xcry: Crystalline oxides (0.2M NH4-oxalate + 0.2M ascorbic 
acid); Probabilities: * p<0.05, ** p<0.01, *** p<0.001. 
Table 4.2.13. Cross-validation summary table showing the ability of four validation models (VM1-VM4) to predict the observed in vitro extractable arsenic concentrations, 
and the respective relative arsenic bioaccessibility reported in Juhasz, et al. (2007b) and Yang, et al. (2002) , for different ranges of soil As concentrations . 
 Juhasz data Yang data 
 All (n = 50 ) As < 100 (n = 14) As < 600 (n = 33) (n = 36) 
  
AsSBET 
(mg/kg) 
Bioaccessibility 
(%) 
AsSBET 
(mg/kg) 
Bioaccessibility 
(%) 
AsSBET 
(mg/kg) 
Bioaccessibility 
(%) 
AsSBET 
(mg/kg) 
Bioaccessibility 
(%) 
Absolute error 122.7 ± 166.9 19.7 ± 19.1 13.7 ± 12.8 24.3 ± 13.8 50.5 ± 53.6 23.9 ± 18.5 7.8 ± 6.6 13.4 ± 19.9 
Model V1 
RMSE 205.2 26.0 18.4 27.9 73.1 30.1 10.1 23.7 
Absolute error 263.8 ± 642.8 18.4 ± 12.8 9.4 ± 7.4 19.1 ± 8.9 39.8 ± 50.0 18.4 ± 14.1 7.2 ± 5.2 12.4 ± 14.1 
Model V2 
RMSE 688.8 22.3 11.8 21.1 63.3 23.0 8.8 18.6 
Absolute error 146.7 ± 188.4 29.1 ± 20.9 17.8 ± 9.0 36.1 ± 12.7 70.7 ± 83.9 33.7 ± 18.7 7.5 ± 5.7 10.2 ± 7.5 
Model V3 
RMSE 237.3 35.6 19.8 38.3 108.7 38.4 9.4 12.6 
Absolute error 313.0 ± 757.9 30.0 ± 19.6 19.0 ± 14.8 34.3 ± 15.9 72.3 ± 73.1 34.0 ± 18.9 7.6 ± 5.6 11.0 ± 10.4 
Model V4 
RMSE 813.0 35.7 23.7 37.8 102.0 38.7 9.4 15.0 
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Figure 4.2.17. Matrix graph showing the agreement between the Juhasz, et al. (2007b) observed relative arsenic bioaccessibility (%) and that predicted by models 
developed within the current study. 
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Figure 4.2.18. Matrix graph showing the agreement between the Yang et al. (2002) observed relative arsenic bioaccessibility (%) and that predicted by models developed 
within the current study.  
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4.3 Arsenic phytotoxicity 
4.3.1 Bioassay results 
Ecological endpoints monitored throughout the bioassay, consisting of wheat germination 
success rate, fresh and dry above ground biomass and dry below ground biomass, are 
presented in Table 4.3.1. The reported biomass values represent measurements carried out on 
10 wheat plants. Germination success expresses the percentage of sown seeds (n=21) that 
germinated 5 days after planting. Good agreement was achieved between replicate biomass 
measures (Table 4.3.1).  
Table 4.3.1. Ecological endpoints measured for wheat plants (10 plants per pot) submitted to an early 
growth bioassay test. Values represent means of duplicate pots ± one single standard deviation. 
Sample 
ID 
Shoot Fresh  
Weight (g) 
Shoot Dry  
Weight (g) 
Root Dry  
Weight (g) 
Germination 
success (%) 
A2D 0.464 ± 0.034 0.119 ± 0.013 0.050 ± 0.021 52 ± 3 
A3D 2.076 ± 0.112 0.411 ± 0.026 0.327 ± 0.028 84 ± 10 
A4 0.931 ± 0.058 0.207 ± 0.001 0.093 ± 0.012 73 ± 6 
B1 3.364 ± 0.078 0.661 ± 0.007 0.501 ± 0.004 75 ± 10 
B2 3.643 ± 0.165 0.676 ± 0.073 0.260 ± 0.046 36 ± 13 
B3 0.840 ± 0.253 0.183 ± 0.071 0.161 ± 0.010 59 ± 13 
C10 3.300 ± 0.143 0.604 ± 0.041 0.195 ± 0.015 64 ± 26 
C3 3.033 ± 0.429 0.481 ± 0.107 0.155 ± 0.092 48 ± 16 
C6 2.543 ± 0.195 0.402 ± 0.064 0.085 ± 0.035 66 ± 3 
D6 5.103 ± 0.093 0.800 ± 0.016 0.204 ± 0.039 64 ± 6 
E3 5.156 ± 0.530 0.691 ± 0.086 0.314 ± 0.030 77 ± 6 
E5 1.727 ± 0.169 0.467 ± 0.050 0.095 ± 0.002 75 ± 3 
E6 3.650 ± 0.064 0.587 ± 0.015 0.153 ± 0.006 61 ± 22 
E9 4.521 ± 0.392 0.702 ± 0.050 0.383 ± 0.047 64 ± 0 
F6 1.291 ± 0.310 0.232 ± 0.061 0.085 ± 0.029 64 ± 6 
G12 3.759 ± 0.351 0.578 ± 0.047 0.143 ± 0.010 73 ± 6 
G4 2.963 ± 0.495 0.456 ± 0.081 0.116 ± 0.009 73 ± 6 
G5 2.161 ± 0.367 0.349 ± 0.068 0.173 ± 0.026 50 ± 19 
G6 0.872 ± 0.256 0.158 ± 0.049 0.080 ± 0.037 45 ± 6 
G7 1.564 ± 0.010 0.250 ± 0.009 0.098 ± 0.012 57 ± 3 
G9 2.119 ± 0.384 0.317 ± 0.053 0.115 ± 0.008 61 ± 3 
H3 2.527 ± 0.250 0.492 ± 0.065 0.292 ± 0.009 84 ± 3 
H4 2.688 ± 0.253 0.485 ± 0.035 0.286 ± 0.014 61 ± 16 
H5 2.928 ± 0.097 0.596 ± 0.023 0.324 ± 0.010 75 ± 3 
H6 2.395 ± 0.054 0.485 ± 0.011 0.285 ± 0.010 82 ± 6 
S1 0.734 ± 0.165 0.169 ± 0.048 0.119 ± 0.062 64 ± 13 
S2 0.817 ± 0.171 0.194 ± 0.033 0.072 ± 0.015 68 ± 6 
S4 1.033 ± 0.274 0.222 ± 0.046 0.093 ± 0.027 50 ± 19 
S6 1.428 ± 0.123 0.282 ± 0.032 0.207 ± 0.013 75 ± 10 
S7 3.687 ± 0.069 0.735 ± 0.006 0.293 ± 0.008 64 ± 6 
range 0.464 - 5.156 0.119 - 0.800 0.050 - 0.501 36 - 84 
 
  
114
Germination Success (%)
30 40 50 60 70 80 90
R
oo
t b
io
m
as
s 
(g
 d
ry
 w
ei
gh
t)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
r2 = 0.14
 
Germination Success (%)
30 40 50 60 70 80 90
S
ho
ot
 b
io
m
as
s 
(g
 d
ry
 w
ei
gh
t)
0.0
0.2
0.4
0.6
0.8
1.0
r2 = 0.05
 
Shoot biomass (g dry weight)
0.0 0.2 0.4 0.6 0.8 1.0
R
oo
t b
io
m
as
s 
 (g
 d
ry
 w
ei
gh
t)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
r2 = 0.47
 
Figure 4.3.1. Correlations between the three ecological endpoints monitored in the early growth 
bioassay: shoot biomass, root biomass and germination success rate.   
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Above ground and below ground biomass of the wheat plants were positively correlated, 
statistically significant at a p-value of 0.01 (Figure 4.3.1). Both root and shoot biomass 
endpoints exhibited weak positive trends with the rate of germination (Figure 4.3.1). Root 
biomass was significantly associated with the germination success rate (p-value = 0.04), while 
above ground weight was not. The largest discrepancy between the different ecological 
responses occurred for soil B2; inducing the largest suppression of germination (35 %) and 
yet producing a shoot dry weight of 0.68 g, ranked 5th in terms of yield size.  
While the overall relationship between shoot and root biomass was significant, soils from 
different sheep dip sites exhibited dissimilar relationships between the above ground and the 
below ground biomass, as indicated in Figure 4.3.2. Thus soils from sites G, H and S 
displayed higher shoot to root ratios relative to samples from Waikato (Site A & B) and 
samples from site C. At site E, in contrast, the shoot/root biomass ratio decreased with 
increasing shoot and root biomass (Figure 4.3.2). 
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Figure 4.3.2. Relationships between shoot and root biomass of wheat plants at different sheep dip sites. 
Lines represent linear regression fits for individual groups, with the slope coefficient listed (b). 
Differential decomposition of plant roots may have occurred in the interval between shoot and 
root harvests, potentially biasing the root biomass measure. Root harvesting was delayed 
while soil pore water was collected and DGT devices were deployed. Additionally soils were 
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then allowed to re-dry before roots were retrieved, with water loss aiding the separation of 
soil particles from plants roots.  
4.3.2 Phytotoxicity indicators: Arsenic and other contaminants 
Phytotoxic effects were visually apparent with increasing soil As concentrations, most 
apparent as reduction of shoot growth. This is highlighted in a selected set of photographs in 
Figure 4.3.3. A full set is included in Appendix C. Apart from the obvious impairment in 
shoot and root biomass the other visual signs of As toxicity included discoloration along the 
margins of leaves and chlorosis. Necrosis of shoot tissue was associated with soils grossly 
impacted by As. Wheat plants grown in sample F6 also experiences shoot necrosis, associated 
with elevated Cu content. 
 
Figure 4.3.3. Growth of wheat plants across different soil arsenic concentrations. From left to right the soil 
samples and their respective 0.05 M (NH4)2SO4-extrctable arsenic concentrations are: S7 (below detection 
limits), H6 (2.2 mg/kg), A3D (4.8 mg/kg), S4 (40 mg/kg), and A2D (160 mg/kg). 
The ecologic endpoint corresponding most directly to changes in As levels across different 
soils was the above ground biomass, followed by the root biomass and finally the germination 
success rate. This is shown by the disparities in correlation coefficients between the three 
endpoints for their association with different soil As determinations (Table 4.3.2). Given its 
consistency, shoot biomass was used as the measure of plant response for dose-response curve 
fitting and for derivation of concentrations expressing standard toxicity measures. Dose-
response curves were not fitted to root biomass and germination rate data; those endpoints 
may have been more sensitive to factors other than As toxicity. 
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Table 4.3.2. Pearson correlation matrix for associations between the wheat biomass measures (shoot and 
root dry weight), the germination success rate and the different soil arsenic determinations. All soil As 
determinations were log transformed. 
  Shoot biomass Root biomass Germination  Success 
Root biomass 0.69**    
Germination Success 0.21 0.42*  
Astotal -0.89** -0.64** -0.17 
Assol -0.89** -0.66** -0.14 
Asstep 1 -0.88** -0.79** -0.30 
Asstep 2 -0.91** -0.58** -0.15 
Asstep 3 -0.89** -0.63** -0.17 
Asstep 4 -0.84** -0.61** -0.13 
Asstep 5 -0.81** -0.66** -0.15 
Asstep 1+2 -0.91** -0.61** -0.15 
Asstep 1+2+3 -0.90** -0.63** -0.16 
AsOlsen -0.90** -0.63** -0.19 
AsSBET -0.92** -0.67** -0.20 
Assol -0.81** -0.70** -0.22 
AsE -0.87** -0.65** -0.21 
Assol/Psol -0.90** -0.70** -0.24 
AsE/PE -0.87** -0.61** -0.28 
Astotal/Ptotal -0.88** -0.63** -0.19 
Table key: Abbreviations: Xtotal: Total recoverable soil concentration; XStep 1: 0.05 M (NH4)2SO4 fraction; XStep2: 
0.05 M NH4H2PO4 fraction; XStep3: 0.2 M NH4-oxalate (pH 3.25) fraction; XStep4: 0.2 M NH4-oxalate + 0.1 M 
ascorbic acid fraction; XStep5: Microwave-assisted digestion in aqua regia fraction; XOlsen: 0.5M NaHCO3 (pH 8.5) 
extractable; XSBET: SBET extractable concentration; Xsol: Soil pore water/soluble concentrations; XDGT: Diffusive 
gradient in thin film concentrations; XE: Effective concentrations. Probabilities: * p<0.05, ** p<0.01. 
At individual sheep dip sites, plant response was also influenced by the presence of 
contaminants other than As. Plant growth was predominantly controlled by differences in Zn 
concentrations in soils from site E, while in samples from site G, differences in Pb 
concentrations may have additively interacted with As in inducing growth suppression (Figure 
4.3.4, Figure 4.3.5). Hence, As levels exerted a minimal influence on plant growth in soils 
from site E, presumably because As impact was relatively low (Figure 4.3.4).  
In contrast, while recognising the limited number of samples, there was a potential interaction 
between As and Pb at site G; with shoot biomass decreasing with both increasing soil As and 
Pb levels (Figure 4.3.5). The 3D surface of Figure 4.3.5 indicates that Pb exhibits a dual effect 
of plant growth. This was attributed to the small number of samples belonging to site G, and 
consequently their large influence on the interpolation of the 3D graph surface. Copper 
contamination was inferred to be responsible for the large suppression of plant growth in the 
single soil from site F (Table 4.3.1). 
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Figure 4.3.4. Influence and interaction of zinc (soil pore water concentrations, mg/l) and arsenic (ratios 
of DGT effective arsenic to phosphorous concentrations) on wheat shoot biomass (g dry weight per 
pot) for soil samples from site E (n = 4).  
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Figure 4.3.5. Influence and interaction between lead (Pb, oxalate extractable soil concentrations, 
mg/kg), and arsenic (ratio of DGT effective arsenic to phosphorous concentrations) on wheat shoot 
biomass (g dry weight per pot) for samples from site G (n=6). 
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4.3.3 Correlations between plant endpoints and soil properties 
Correlations between the plant growth, represented by above and below ground biomass, and 
soil properties were confounded through the influence of soil As (Table 4.3.3). For instance, 
plant growth was negatively associated with amorphous Al and Fe oxides, attributed to the 
positive correlation between Al and Fe oxides and soil As. However growth suppression was 
lower in soils having a greater proportion of As associated with crystalline Al/Fe oxides, as 
shown in Figure 4.3.6, but higher in soils where a greater proportion of total soil As was 
associated with in more mobile fractions (Table 4.3.3). Independent trends between plant 
biomass measures and soil properties were also generally absent when individual sheep dip 
sites were considered separately. In contrast to other sites, plant growth for soils from site G 
was positively correlated to the total soluble As (Figure 4.3.7). In the same soils plant growth 
and soluble As were positively correlated to soil pore water P; a trend likely explaining the 
discrepancy of increasing shoot biomass with increasing soluble As concentrations, indicating 
that solution P ameliorated As toxicity (Figure 4.3.7). 
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Figure 4.3.6. Association between wheat shoot biomass (grams dry weight per pot) and the proportion of 
total soil arsenic associated with crystalline Al/Fe oxides (%), determined as the fraction extracted in the 
step 4 of the sequential extraction procedure.    
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Table 4.3.3. Pearson correlation matrix between the wheat bioassay ecological endpoints (shoot and root biomass, and germination success rate) and selected group of soil 
properties. 
 Shoot biomass
Root 
biomass Germ Feam Fecry Alam Alcry Mnam CEC OC soil pH
%  
AsStep 1
% 
AsStep 4
Psol DOC Alsol Casol Nasol 
Feam -0.60** -0.30 -0.07                               
Fecry -0.35 -0.20 0.07 0.77**                             
Alam -0.43* -0.17 -0.08 0.77** 0.67**                           
Alcry 0.20 0.15 0.01 0.26 0.61** 0.39*                         
Mnam 0.28 0.34 0.37 0.14 0.44* 0.24 0.59**                       
CEC 0.45* 0.12 0.22 -0.21 0.14 -0.36 0.28 0.44*                     
OC 0.13 -0.19 -0.03 -0.11 -0.04 -0.41* -0.15 0.17 0.62**                   
soil pH 0.27 0.18 0.35 -0.59** -0.37 -0.54** -0.18 -0.04 0.31 -0.12                 
% AsStep 1 -0.54** -0.48* -0.23 0.02 -0.25 -0.08 -0.48* -0.20 -0.31 0.16 -0.01               
% AsStep 4 0.75** 0.52* 0.19 -0.52* -0.15 -0.34 0.09 0.43* 0.40* 0.28 0.17 -0.32             
Psol 0.28 0.09 0.07 -0.13 -0.17 -0.32 0.02 0.26 0.38* 0.76** -0.22 0.08 0.36           
DOC 0.18 0.03 -0.47* 0.09 0.06 0.07 0.25 0.08 0.12 0.27 -0.54* 0.02 0.11 0.45*         
Alsol 0.08 -0.04 -0.47* 0.00 -0.22 -0.11 -0.15 -0.33 -0.04 0.35 -0.57** 0.10 0.04 0.43* 0.69**       
Casol -0.24 -0.57** -0.33 -0.06 -0.24 -0.36 -0.32 -0.33 0.12 0.45* -0.02 0.46* -0.25 0.33 0.17 0.22     
Fesol 0.33 0.07 -0.51* -0.25 -0.39* -0.35 -0.13 -0.29 0.12 0.38* -0.20 0.05 0.19 0.48* 0.64** 0.84** 0.16   
Nasol -0.31 -0.50* -0.60** 0.20 0.01 0.02 -0.04 -0.41* -0.08 0.27 -0.43* 0.19 -0.38* 0.24 0.53* 0.57** 0.64** 0.41* 
Table key: Abbreviations: Xam: Amorphous oxides (0.2M NH4-oxalate buffer); Xcry: Crystalline oxides (0.2M NH4-oxalate + 0.2M ascorbic acid); % AsStep 1: Proportion of total soil As 
accounted by the 0.05 M (NH4)2SO4 fraction; % AsStep 4: proportion of total soil As accounted by the 0.2 M NH4-oxalate + 0.1 M ascorbic acid fraction; Xsol: Soil pore water/soluble 
concentrations; OC: organic carbon; DOC: dissolved organic carbon; CEC: cation exchange capacity. Probabilities: * p<0.05, ** p<0.01, *** p<0.001 
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Figure 4.3.7. Associations between wheat shoot biomass (g dry weight per pot) and solution arsenic and 
phosphorous (mg/l), positioned on the left and the right respectively, for soil samples collected from site G 
(n = 6).  
Germination success rate was an exception to the other two response measures, not exhibiting 
significant correlations to soil As indices (Table 4.3.2). The germination rate was negatively 
correlated to total soluble Al, Fe, Na and organic carbon concentrations (Table 4.3.3). 
Furthermore, P concentrations, total soluble Fe and Na, and DGT accounted for 60 % of 
variance in germination success based on multiple linear regression (Table 4.3.4). Therefore, 
it is considered that germination success rate was relatively insensitive to differences in soil 
As.  
Table 4.3.4. Parameter data and statistics describing a multiple linear regression model for estimating the 
wheat germination success rate. 
Response = Germination Success Rate r2 SE 
     0.60 7.43 
 k loge NaSOL loge FeSOL loge Pe   
coefficient 40.40 -11.32 -4.25 6.12   
RMSE 15.50 2.72 1.11 1.59   
p-value 0.02 0.00 0.00 0.00   
Table key: Abbreviations: Xsol: Soil pore water/soluble concentrations; Xel: Soil effective concentrations. 
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4.3.4 Dose - response curve fitting 
Dose-response curve fitting was carried out to estimate the effective toxic concentration of 
As, specifically the dose at which the above ground biomass experiences a 50% reduction. 
Additionally the predictive abilities of different soil As indices were evaluated. Three and the 
four parameter sigmoid functions best described the observed changes in plant growth with 
increasing soil As levels. The four parameter version of the sigmoid function includes an 
additional constant representing the minimum biomass response, a non-zero lower asymptote, 
and was the model more suited to the dataset. Samples where As did not represent the 
dominant toxic agent - nominally F6 and E5 - were removed from the dataset for the purpose 
of nonlinear regression.  
Dose-response relationships for different soil As determinations are shown in Figure 4.3.8, 
with EC50 and goodness of fit parameters annotated in tables opposite the individual figures. 
For the extractions from the sequential fractionation scheme, the concentrations of As used in 
dose-response fitting were based on the cumulative proportion of total soil As extracted in 
prior extraction steps. Dose-response relationships between the above ground biomass of 
wheat plants and various soil As determinations exhibited substantial variability, as shown by 
the differences in shoot biomass at a given As levels in Figure 4.3.8 and by the large 
confidence intervals of estimated EC50 parameters. The 95 % confidence interval for EC50 
estimated based on total soil As concentrations varied between 206 and 828 mg/kg. Slight 
improvements in fits were achieved when less aggressive extractions of soil As were 
considered as independent variables, particularly NH2OH.HCl, NH4H2PO4 and Olsen 
extractable As. The 95 % confidence interval based on NH4H2PO4-extractable As, 
representing non-specifically and specifically adsorbed As, ranged from 27 to 70 mg/kg. In 
contrast, estimations of immediately available As, represented by non-specifically adsorbed, 
total soluble, DGT and effective As concentrations, did not provide more accurate models of 
dose-response relations compared to total soil As (Figure 4.3.8). This is reflected in the poor 
relationship between plant growth and soluble As concentrations for samples from site G, 
previously shown in Figure 4.3.7. 
Residual errors from non-linear regressions of the shoot biomass against soluble, DGT or 
effective As concentrations were significantly correlated to concentrations of P; with strongest 
positive trends exhibited for determinations representing readily available P levels. Inclusion 
of P by consideration of available As to P ratios as the independent dose variables, 
particularly for DGT, soil solution and effective solution determinations, resulted in visible 
  
123
reduction of scatter around the fitted dose-response curves, and narrowing of the EC50 95 % 
confidence interval (Figure 4.3.8).  
Application of DGT or effective As to P concentration ratios as independent variables 
produced a large underestimation of plant biomass for a single sample B2 (Figure 4.3.8). 
Sample B2 had a high DGT to soluble As ratio (AsR) of 85 % and a relatively low soluble P 
level, with phosphate concentrations below the detection limit of the IEC technique. 
Furthermore, the plant biomass for B2 was also underestimated by other fitted dose-response 
curves, in particular those where As to P ratios were applied as dose variables. Therefore the 
discrepancy of a high biomass yield at sample B2 is perplexing. It is possible for unidentified 
soil factors to produce a rightward shift in the sigmoid curve. After sample B2 was excluded 
from the dataset the 95 % confidence interval of the EC50 parameter based on the effective 
concentration As to P molar ratios ranged between 0.14 and 0.36. Expressed inversely as P to 
As ratio the 95 % confidence interval for EC50 becomes 2.7 - 7.1.  
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Figure 4.3.8. Dose - response relationships between the wheat shoot biomass (g dry weight per pot, error 
bars equal one standard deviation of a duplicate mean) and different determinations of available soil 
arsenic (n=28). Sigmoidal curves were fitted to the data; summary table of results for each non-linear 
regression is shown in tables opposite the figures. 
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Figure 4.3.8 contd. Dose - response relationships between the wheat shoot biomass (g dry weight per pot, 
error bars equal one standard deviation of a duplicate mean) and different determinations of available 
soil arsenic (n=28). Sigmoidal curves were fitted to the data; summary table of results for each non-
linear regression is shown in tables opposite the figures. 
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Figure 4.3.8 contd. Dose - response relationships between the wheat shoot biomass (g dry weight per pot, 
error bars equal one standard deviation of a duplicate mean) and different determinations of available 
soil arsenic (n=28). Sigmoidal curves were fitted to the data; summary table of results for each non-
linear regression is shown in tables opposite the figures. 
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Figure 4.3.8 contd. Dose - response relationships between the wheat shoot biomass (g dry weight per pot, 
error bars equal one standard deviation of a duplicate mean) and different determinations of available 
soil arsenic (n=28). Sigmoidal curves were fitted to the data; summary table of results for each non-
linear regression is shown in tables opposite the figures. 
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4.3.5 Multiple linear regression of the plant response 
Because of the large dispersal between plant growth and soil As in the dose-response 
relationships, multiple linear regression was carried out to evaluate if addition of other soil 
properties as predictors led to significant improvement in the fit. None of the relationships 
between plant biomass and various soil As variables were linear, with curves becoming 
increasingly non-linear towards the minimum and maximum asymptotes. Hence the data does 
not meet assumptions of linear regression. Despite this, plant response was regressed against 
the sum of non-specifically and specifically adsorbed As, represented by NH4H2PO4 
extractable As, and a pool of soil properties. As opposed to the dose-response fitting 
described in Section 4.3.4, where regression accounted for the error in dependent variables 
(duplicate biomass measurement) this analysis was carried out using only the mean response 
values. 
Subsequent to soil As, soil properties that were found as significant second predictor variables 
for shoot biomass were Mn oxide content (NH2OH.HCl extractable) and crystalline Al/Fe 
oxides (p-value < 0.05). Inclusion of any of these variables led to slight improvements in fit, 
with Mn oxides providing the best fit based on the mean squared error (Table 4.3.5). 
Individual available P measures were found as significant predictors once the dimension of 
the model containing crystalline Al/Fe oxides was further increased (p-value < 0.05). Table 
4.3.5 shows the differences in the one, two and three parameter models; highlighting the fact 
that increasing complexity provided slight improvements of linear regression models. Based 
on the relative differences in AIC values, the two parameter model with Mn oxides provided 
the most parsimonious fit of the data (Table 4.3.5).  
Table 4.3.5. Summary of multiple linear regression models for predicting wheat shoot biomass using non-
specifically and specifically adsorbed arsenic (NH4H2PO4-extractable As). Number of samples = 28. 
Model Response = Shoot biomass AIC ΔAICc r2 RMSE 
1. 0.749 × k - 0.097 × As -48.8  0.83 0.093 
2. 0.659 × k - 0.095 × As + 0.001 × Mn Oxides -58.4 -9.6 0.88 0.076 
3. 0.572 × k - 0.098 × As + 0.112 × Crystalline Al -55.7 -6.9 0.87 0.080 
4. 0.652 × k - 0.109 × As + 0.028 × Crystalline Fe -51.4 -2.6 0.85 0.086 
5. 0.560 × k - 0.096 × As + 0.099 × Crystalline Al + 0.008 × Solution P -60.1 -11.3 0.90 0.071 
Table key: Abbreviations: AIC: Akaike Information Criteria; ΔAIC = ICi - ICmax. 
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4.3.6 Differences in plant response at different sheep dip sites 
Closer scrutiny of dose-response relationships revealed distinct toxicity of soil As levels 
between individual sheep dip sites. This is highlighted in Figure 4.3.9, showing that at a given 
As dose the induced suppression of biomass differed between the sites. The sample number 
and the range of As concentrations exhibited at each site were generally inadequate for fitting 
a dose-response relationship. Nevertheless, constrained 3 parameter sigmoid curve fits are 
included in Figure 4.3.9. Maximal asymptote was constrained for sites where low As 
concentrations were not well defined. Samples from site E and H have not been included in 
the comparison. Site E was excluded due to the dominating influence of Zn on plant biomass. 
For samples from site H plant response was not related to changing As concentrations, and 
hence a dose-response curve could not be fitted to the data. 
According to the Figure 4.3.9, soil As was least phytotoxic in soils from the Waikato, 
characterised by a dose-response curve with a largest rightward shift, closely followed by 
samples from site G. Sites C and S were most prone to As toxicity. Little differentiation 
between the two sites is possible; at site C there is a lack of As concentrations above the likely 
EC50 value, while As concentrations at site S were predominantly above the likely EC50 
value (Figure 4.3.9). Tentative EC50 parameters for the individual dose-response curves are 
listed in Table 4.3.6. Given the low number of samples in each group it was impossible to 
calculate standard errors for the fitted EC50 parameters. The table also includes EC50 values 
predicted from a linear regression model derived by Song et al. (2006), based also on 
NH4H2PO4 extractable As. The bioassay used by Song et al. (2006) for generating the linear 
regression model was a standardised barley root elongation test. The sigmoid fitted and the 
estimated EC50 parameters corresponded well, and were equally ranked for this group of four 
sites. It is emphasised that the fitted EC50 parameters are subject to large uncertainties due to 
the small number of samples at each sheep dip site. 
  
130
Soil As concentrations extracted by NH4H2PO4 (mg/kg)
0.1 1 10 100 1000 10000
S
ho
ot
 b
io
m
as
s 
(g
 D
W
)
0.0
0.2
0.4
0.6
0.8
1.0
Site G
Site A + B
Site C
Site S
 
Figure 4.3.9. Dose-response relationships between wheat shoot biomass (g dry weight) and the sum of 
non-specifically and specifically sorbed soil arsenic (NH4H2PO4-extractable, mg/kg) for different sheep 
dip sites. The sigmoid curves for Site G and Waikato (Site A + B) samples were fitted by constraining 
the maximum shoot biomass to 0.80 g. 
Table 4.3.6. Comparison of fitted and Song et al. (2006) predicted EC50 concentrations for individual 
sheep dip sites. Both fitted and predicted EC50 values are based on NH4H2PO4-extractable soil arsenic 
concentrations.  
 Waikato (Site A+B) Site G Site C Site S 
Fitted EC50a 76 51 19 30 
Predicted EC50b 72 58 18 38 
Table key: a EC50 estimated based on the 3 parameter sigmoid curve, maxima constrained to 0.80. b Song et al. (2006): 
EC50 = 110 × Amorphous Mn + 7.9 × Amorphous Fe + 1.71 × clay (%) - 9.83; calculated using group median values  
The curve-fitted EC50 parameters for the four sheep dip sites exhibited positive trends with 
the median Al, Fe and Mn soil oxides contents (Table 4.3.7). The relationships were 
statistically significant for the sum of amorphous and crystalline Al and Fe crystalline oxides 
(p-value < 0.01). According to Figure 4.3.10 the differences in EC50 values between the four 
groupings are well explained by the median amorphous and crystalline Fe oxide contents of 
the groups. Similar distinctions between EC50 parameters were exhibited for Mn and Al 
oxide contents. 
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Figure 4.3.10. Association between the fitted wheat EC50 levels for four sheep dip sites, based on 
NH4H2PO4-extractable soil As (mg/kg), and the median sum of amorphous and crystalline Fe oxides 
(g/kg).  
 
Table 4.3.7. Pearson correlation coefficients between the fitted EC50 values for four sheep dip sites (Sites 
A+B, C, G and S) and median values of selected soil properties. 
 EC50 Feam Fecry Feam+cry Alam Alcry Alam+cry Mnam Mno OC 
Feam 0.92          
Fecry 0.93 0.72         
Feam+cry 0.99** 0.91 0.93        
Alam 0.88 0.89 0.80 0.86       
Alcry 0.85 0.58 0.93 0.86 0.54      
Alam+cry 0.99* 0.88 0.96* 0.99** 0.89 0.86     
Mnam 0.93 0.81 0.86 0.94 0.64 0.92 0.91    
Mno 0.87 0.86 0.72 0.89 0.60 0.78 0.83 0.96*   
OC -0.48 -0.44 -0.54 -0.45 -0.80 -0.19 -0.53 -0.13 -0.01  
soil pH -0.57 -0.78 -0.26 -0.58 -0.42 -0.30 -0.49 -0.65 -0.83 -0.17 
Table key: Abbreviations: Xam: Amorphous oxides (0.2M NH4-oxalate buffer); Xcry: Crystalline oxides (0.2M NH4-
oxalate + 0.2M ascorbic acid); Xo: 0.01M NH2OH•HCl (pH 2) extractable; OC: organic carbon; Probabilities: * 
p<0.05, ** p<0.01 
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4.3.7 Influence of soil properties on arsenic toxicity 
While both the multiple linear regression analysis and the comparison of As toxicity across 
different sheep dip sites indicated that soil properties are involved in mediating the toxicity of 
As, neither method yielded a model for estimating the As effective toxic concentrations as a 
function of soil properties. Consequently, the three-parameter sigmoid equation was 
parameterised to relate the effective As concentration parameter to soil properties. The 
modification involved expressing the normally constant EC50 parameter of the standard 
three-parameter sigmoid curve as a linear combination of soil properties, as outlined in the 
methodology section. Because the maximum biomass response was relatively uniform 
between different sheep dip sites, and it is permissible to constrained the slope parameter for 
the purposes of dose-response regression, the assumption that soil properties predominantly 
affected the toxicity parameter was justified. The parameterized equation was solved for 
different permutations of soil properties using least-squares non-linear regression. Arsenic 
extracted by NH4H2PO4 was used as the dose variable in all models.  
Different linear permutations of soil properties were manually assessed. A set of six 
alternative models is shown in Table 4.3.8, with the model identified as zero representing the 
standard three-parameter sigmoid equation. Model selection was based on standard error of fit 
(RMSE), adjusted coefficient of determination (r2(adj)) and corrected Akaike and Bayesian 
Information criteria (AIC, BIC). Similarly to Section 4.3.5 this analysis was carried out using 
only the mean response values, and therefore the standard error of the standard three-
parameter sigmoid curve (Model 0) is lower and the coefficient of determination is higher in 
Table 4.3.8 than previously reported in Section 4.3.4. 
The sum of amorphous and crystalline Al/Fe oxides and Mn oxides were found as significant 
substitutions for the EC50 parameter, or the inflexion point of the sigmoid curve. The positive 
coefficients indicate that at a given soil As concentration the toxicity of As is lower in soils 
with a higher metal oxide content. This is depicted in Figure 4.3.11, showing Models 1 and 3 
as three dimensional surfaces, along with the data points. The differences in AICc and BIC 
values between the parameterized models and the standard three-parameter model exceeded -
10 points, strongly suggesting that the parameterization is not overfitting the data. There is a 
lack of strong differentiation between models 1, 2 and 3 in terms of fit, model 3 being slightly 
more favourable with respect to model 1.  
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Table 4.3.8. A three-parameter sigmoid model (Model 0) and a set of parameterized sigmoid models 
(Model 1 - 6), the latter defined by expressing the logeEC50 parameter as a linear combination of soil 
properties, for describing the association between wheat shoot biomass and soil arsenic levels. All models 
used NH4H2PO4-extractable As for the dose variable. 
  Model 0 Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 
  b/se b/se b/se b/se b/se b/se b/se 
Ymax                                      
(constant) 0.746*** 0.739*** 0.778*** 0.749*** 0.761*** 0.804*** 0.769***
Y
m
ax
 
 (0.06) (0.04) (0.06) (0.04)    (0.04) (0.05)    (0.04) 
Hillslope                                         
(constant) -0.736*** -1.066*** -0.728*** -0.912*** -0.927*** -0.785*** -0.828***
b  (0.14) (0.16) (0.12) (0.13)    (0.13) (0.09)    (0.10) 
logeEC50                                      
(constant) 3.933***  5.044*** 1.786***   1.407***
 (0.32)  (0.39) (0.43)      (0.37) 
logeFeam+cry  1.782***   1.659***   
  (0.07)   (0.08)   
logeMno   0.996***     
   (0.23)     
logeAlam+cry    1.980***    
    (0.38)       
Alam+cry      0.946*** 0.722***
      (0.07)    (0.11) 
Psol     0.063*  0.079** 
     (0.03)  (0.03) 
OC      0.149***  
lo
g e
 E
C
50
 
      (0.03)     
r2 (adj.) 0.968 0.978 0.980 0.981    0.984 0.986    0.988 
RMSE 0.086 0.072 0.067 0.066    0.061 0.056    0.053 
AICc -53.99 -64.29 -66.12 -67.72 -72.10 -76.77 -77.49 
ΔAICc  -10.3 -12.1 -13.7 -18.1 -22.8 -23.5 
BIC -50.99 -61.29 -62.53 -64.129    -68.51 -73.18    -73.56 
S
ta
tis
tic
s 
ΔBIC  -10.3 -11.5 -13.1 -17.5 -22.2 -22.6 
Table key: Abbreviations: Xam: Amorphous oxides (0.2M NH4-oxalate buffer); Xcry: Crystalline oxides (0.2M NH4-
oxalate + 0.2M ascorbic acid); Xo: 0.01M NH2OH•HCl (pH 2) extractable; Xsol: Soil pore water/soluble 
concentrations; OC: organic carbon; AIC: Akaike Information Criteria; BIC: Bayesian Information Criteria;  ΔIC = 
ICi - ICmax. Probabilities: * p<0.05, ** p<0.01, *** p<0.001. 
 
 
Table 4.3.9. Predicted EC50 values for four sheep dip sites (A+B, C, G and S), estimated using the set of 
models detailed in Table 4.3.8, versus the EC50 parameter estimated by fitting the standard three-
parameter sigmoid curve to the relationship between shoot wheat biomass and NH4H2PO4-extractable As. 
 Site A+B Site C Site G Site S 
Model 1 86.2 22.9 55.8 31.8 
Model 2 51.1 17.1 49.4 24.0 
Model 3 89.0 25.1 51.9 29.5 
Model 4 65.7 18.8 64.2 29.3 
Model 5 66.7 13.9 54.0 19.5 
Model 6 80.4 18.7 48.0 22.1 
Fitted 76.2 19.4 51.0 29.9 
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Figure 4.3.11. Relationship between the wheat shoot biomass (g dry weight), NH4H2PO4-extractable soil 
As (mg/kg) and amorphous and crystalline iron (graph A; g/kg) and aluminium (graph B; g/kg). 
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With further parameterization the addition of soluble P or soil organic carbon improved the fit 
of the wheat biomass data; both variables exerting a positive influence on As tolerance at a 
given soil As level. The reduction in the Akaike information criteria by 5 to 10 points for 
models with two soil variables, in relation to models with a single soil property, strongly 
indicates that addition of further parameters improves the explanation of the relationship, 
without overfitting the data. Again, there is little differentiation between the models 
containing two soil properties. It was previously stated that soil organic carbon and soluble P 
were significantly correlated. 
The models from Table 4.3.8 were used to estimate the EC50 values for different sheep dip 
sites, with the median EC50 result for each sheep dip site shown in Table 4.3.9 . Table 4.3.9 
also compares the estimated results against the average EC50 values fitted for the individual 
sheep dip sites (Section 4.3.7), using the standard three-parameter sigmoid model. Prediction 
intervals for the EC50 values were not calculated due to lack of data points at each sheep dip 
site. Estimates yielded by the models show good agreement with the mean fitted EC50 values 
(Table 4.3.9). Model 2, containing amorphous Mn oxides, and Model 5, containing the sum of 
amorphous and crystalline Al and soil organic carbon, provide consistently lower estimates. 
The most parsimonious model is Model 1, containing the sum of amorphous and crystalline 
Fe as the predictor of EC50. Because the constant within the logeEC50 expression was not 
significant, Model 1 consists in total of only three parameters. However, it tends to 
overestimate the fitted EC50 values for sites containing soils with high soil As, possibly due 
to the positive association between soil As loading and Fe oxides.  
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4.3.8 Dose-response relationships: Zinc toxicity as Site E 
Arsenic did not induce a discernable influence on wheat biomass for samples from site E, as 
previously shown in Figure 4.3.4; instead differences in Zn concentrations generated the 
dominant influence on plant growth. Consequently, the adverse effect of Zn concentrations on 
the shoot biomass was modelled using non-linear regression for samples (Figure 4.3.12). A 3 
parameter sigmoid curve was fitted to the Site E data to estimate the EC50 parameter; the 
resulting curves depicted in Figure 4.3.12. The extrapolated EC50 value based on total soluble 
Zn concentrations was 93 mg/l. Given that the highest Zn concentration recorded was 54 
mg/l, the range of Zn concentrations is considered inadequate for definitive estimation of the 
EC50 parameter, reflected in the large 95 % confidence interval of the predicted EC50: 
ranging between 41 to 210 mg/l. Similarly, the EC50 concentration for RHIZO-extractable 
soil Zn (mg/kg) was above the dataset maxima at 322.4 mg/kg, but possessing a narrower 95 
% confidence interval of 284.3 - 365.5 mg/kg that encompassed sample E5 (299.7 mg/kg).  
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Figure 4.3.12. Dose response relationships between the wheat shoot biomass (g dry weight) and the 
RHIZO-extractable soil Zn (mg/kg) and total soluble Zn (mg/l) for soil samples collected from site E (n = 
4). The fitted line represents a three-parameter sigmoid function. 
The relationship between plant growth and total soil Zn concentration was weak and a dose-
relationship could not be fitted, suggesting that differences soil properties may modify 
availability of total soil Zn. There has been a spur of research into simple linear models for 
predicting soil-specific Zn effective toxic concentrations based on readily available soil 
properties (Warne et al., 2008a, Warne et al., 2008b). Two of the recently published linear 
models for prediction of soil-specific log10EC50 values were tested for corroboration with the 
toxicity at site E (Warne et al., 2008a, Warne et al., 2008b). The first, reported by Warne, et 
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al. (2008b), was based on a 21 day bioassay carried out on 14 different spiked soils and 
consisted of soil CEC as a predictor. The second, reported in Warne et al., (2008a), was 
formulated using 8 week growth data from 11 field trials and consisted of soil pH as a 
predictor variable. Both the 21-day bioassay and the 8 week growth field trials used wheat (T. 
aestivum) biomass as an ecological endpoint; and considered the added Zn concentrations as 
the dose. The methods of soil analysis used in determining both the CEC and soil pH were 
different to those used by this project; the studies used 1 M NH4Cl for determining the CEC 
and 0.01 CaCl2 for the soil pH measurement (Warne et al., 2008a, Warne et al., 2008b).  
Figure 4.3.13 shows the two EC50 derived by the two external models for the range of soil pH 
and CEC values encountered in soils from Site E. The figure also shows how the four soils 
from site E are related to the predicted EC50 values based on their total soil Zn 
concentrations. Using the model from the 21 day bioassay experiment, where CEC was found 
as the only significant predictor, all four soils were beneath the EC50 value (Figure 4.3.13). In 
contrast, under the model derived from the field trial experiment, which was based on soil pH, 
samples E6 and E5 exceeded the predicted EC50 parameter threshold (Figure 4.3.13). 
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Figure 4.3.13. Model predicted EC50 concentrations (shown in solid line) for the range in predictive 
variables in sample from site E, cation exchange capacity (left) and soil pH (right) (Warne et al., 2008a, 
Warne et al., 2008b). The total recoverable Zn concentrations for the 4 soils from site E are also shown. 
The EC50 models could not be quantitatively validated given the uncertainty surrounding the 
estimation of EC50 values using either the total soil, RHIZO-extractable or soluble Zn 
concentrations. The field trial model provided a better qualitative prediction, as sample E5 
was within the 95 % confidence interval for EC50 parameters based on both the soluble and 
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the RHIZO-extractable Zn concentrations (see above). Additionally, because the models are 
based on the added Zn concentrations and the background concentration at site E is unknown, 
they will underestimate EC50 values. 
The absolute differences between the predicted EC50 concentrations and the total soil Zn 
concentrations for each sample were positively associated with wheat shoot biomass (data not 
shown). Furthermore, both soil pH and CEC appeared to positively influence the toxicity of 
total soil Zn, as shown in Figure 4.3.14, substantiating the general relationships derived by 
Warne et al., (2008a) and Warne, et al. (2008b). Unfortunately, due to the lack of data points, 
it was not possible to fit the parameterized sigmoid dose-response curve to the data from Site 
E. 
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Figure 4.3.14. The interaction between (a) total soil Zn and soil pH and (b) total soil Zn and cation 
exchange capacity on 21 day wheat shoot biomass. 
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4.4 Plant arsenic uptake 
4.4.1 Arsenic uptake and distribution in wheat 
Arsenic and P contents in the plant shoot and root compartments are tabulated in Table 4.4.1. 
The concentrations represent the mean and the standard deviation statistics for the dry weight 
plant material harvested from two duplicate pots. In addition to plant levels of As and P, the 
concentrations of Ca, K, Mg, Na, S, Cd, Zn, Pb and Cu in plant shoots and roots are shown in 
Table 4.4.2 and Table 4.4.3 respectively. 
For the 30 soils considered, the mean shoot As concentrations ranged between 0.92 and 23.2 
mg/kg (dry plant matter). The shoot P status varied between 0.13 and 1.17 %. Published 
critical P concentrations for wheat vary significantly, but P deficiency is frequently associated 
with shoot P levels less than 0.2 % (Reuter et al., 1997). Shoot P status of six samples - grown 
on soils A4, A3D, B2, C10, S6, and S7 - was below 0.2 %, indicating possible P deficiency 
(Table 4.4.1). Zinc shoot content was elevated for soils from Site E, the concentrations 
ranging between 259 to 1,346 mg/kg, while the shoot Cu content was high in wheat plants 
grown in soil F6, mean content being 18.9 mg/kg. The agreement in elemental concentrations 
between the wheat shoots harvested from duplicate pots was acceptable (Table 4.4.1, Table 
4.4.2). 
In contrast to shoots, the root As duplicate concentrations displayed considerable variability 
for a number of soils. Due to the possibility of soil cross-contamination, the absolute and 
relative percent differences in Fe concentrations between duplicates were assessed (Table 
4.4.4). Root Fe concentrations from thirteen soils showed substantial anomalies based on 
relative percent differences between duplicates. The selected samples are stylised in bold in 
Table 4.4.4. Out of those thirteen soils, six differences were recognised as displaying 
significant and consistent differences in root As concentrations. These soils were B2, G4, G6, 
G7, G9, and H3; the samples identified in bold text in Table 4.4.1. For these samples Table 
4.4.1 shows the duplicate root concentrations, instead of the duplicate mean and standard 
deviation. Of highest concern were samples B2, G4 and G7, where root As content differed 
by a factor of 2 to 3 between pot replicates. Given the indirect evidence for root tissue 
contamination, the replicate with a lower concentration was considered preferable, and these 
were adopted for samples B2, G6, G9 and H3.  
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Support for the removal of replicates with high root Fe and As is also indirectly given by 
Figure 4.4.1, a plot of root Fe content versus the soil solution Fe concentrations, where the 
samples with large Fe and As differences are identified separately. There is a lack of a trend 
between the plant root and soluble Fe concentrations, indicating that the large differences in 
root Fe concentrations were not due to the variation in soluble Fe concentrations (Figure 
4.4.1).  
The differences in duplicate wheat root As concentrations in samples G4 and G7 are 
concerning. Their lower duplicate root As concentrations are substantially lower when 
compared to root As concentrations of plants growing in soils with comparable plant growth 
inhibition. Therefore screening the higher As root replicates may be erroneous. This 
ambiguity especially relates to sample G7. For instance, it induced a greater suppression to 
shoot biomass than samples G9 and G5, the latter two samples accruing root As at or above 
100 mg/kg. Due to the uncertainties in root As concentrations, and potential for the variation 
in soil conditions to influence the uptake of As between the replicates, the presence of outliers 
will be discussed further in Section 4.4.2, where all 60 replicates are considered as individual 
samples in an exploratory analysis of uptake and toxicity. Overall, given the low weights of 
root material available for digest, ranging from 0.0347 to 0.3463 g with a medium of 0.1531 
g, it is probable that even under a rigorous preparation method the unavoidable soil 
contamination will, because of the lower root to reagent ratio, have a greater influence on As 
concentrations. 
Root As concentrations exhibited a considerable variation between the soils; nearly 
encompassing four orders of magnitude, the As concentrations in roots varied between 0.76 
and 788.67 mg/kg (per dry weight). In general As concentrations were substantially lower in 
shoots than in roots. With the exception of three samples (D6, C6 and E6) the root 
concentrations were greater than shoot concentrations. Moreover, the shoot to root As ratio, 
expressed as a percentage, was below 50% in all but six samples. Three of these were soils 
from site E (E3, E6 and E9), two were samples at or near the likely background As level 
(C10, D6), with the last sample being C6. The root digests associated with soil sample C6 are 
considered as a possible outlier: shoot As concentrations were nearly the double of the root 
concentrations (Table 4.4.1). The average total mass of As accumulated by wheat plants per 
pot exhibited a considerable range: varying between 0.76 to 40.32 µg. The total mass of As 
accumulated by plants was above 10 µg per pot in all but 5 samples (Table 4.4.1).  
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The large dissimilarities in replicate root As and Fe levels were not exhibited by other 
elements, as shown for P in Table 4.4.4. The lack of large replicate disagreements for other 
elements may indicate smaller disparity between plant and soil concentrations, and/or the 
overall lower variability in soil levels across the dataset. Consequently, the wheat root 
concentrations of P, shown in table Table 4.4.1, and other elements (Table 4.4.3) express the 
means of root dry matter samples harvested from two replicate pots.  Wheat root P status 
ranged between 0.09 and 0.27 %. Root Zn concentrations were elevated for all the samples 
from Site E, ranging between 1,545 and 7,140 mg/kg, while the root Cu level in plants grown 
in sample F6 was 1,062 mg/kg. 
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Figure 4.4.1. Wheat root iron concentrations versus soil soluble iron concentrations. The select group of 
soil duplicates identified as having large discrepancies in root As and Fe concentrations is identified 
separately. 
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Table 4.4.1. Arsenic and phosphorus levels of wheat shoot and root compartments (mg/kg), shoot to root 
arsenic ratio(%), and the average mass of arsenic accumulated (µg per pot) by plants grown in sheep dip 
soils. All concentrations are expressed on dry weight basis. With exception of those displayed in bold text, 
the values represent a pot duplicate mean and a single standard deviation (bracketed). Values in bold are 
duplicate root As concentrations for soils with large disagreement between the replicates. 
ID AsSHOOT PSHOOT AsROOT PROOT 
AsSHOOT/ROOT
(%) AsPLANT
A2D 3.20 (0.68) 0.34 0.03 788.67(43.22) 0.20 0.05 0.4 39.39
A3D 10.44 (0.97) 0.17 0.008 110.37(18.54) 0.10 0.02 9.5 40.32
A4 5.13 (0.17) 0.18 0.02 209.97(22.00) 0.15 0.02 2.4 20.40
B1 2.29 (0.06) 0.46 0.0009 6.13 (0.55) 0.26 0.009 37.4 4.58
B2 4.53 (0.01) 0.13 0.005 29.32104.64 0.09 0.008 15.5 / 4.3 10.68
B3 2.18 (1.22) 0.30 0.09 199.71(44.89) 0.09 0.009 1.1 32.28
C10 0.92 (0.11) 0.14 0.003 1.01 (0.38) 0.14 0.01 91.2 0.76
C3 19.29 (2.44) 0.25 0.02 45.08(13.78) 0.11 0.03 42.8 16.26
C6 13.44 (0.39) 0.23 0.02 6.97 (1.60) 0.09 0.005 192.8  
D6 0.94 (0.01) 0.65 0.02 0.76 (0.26) 0.22 0.004 123.7 0.91
E3 3.30 (0.16) 1.17 0.008 3.96 (0.51) 0.17 0.02 83.4 3.53
E5 3.84 (0.50) 0.22 0.02 19.94 (0.68) 0.33 0.007 19.2  
E6 23.20 (2.35) 0.50 0.06 22.44 (2.60) 0.15 0.03 103.4 17.05
E9 12.96 (1.42) 0.43 0.04 19.79 (1.83) 0.20 0.01 65.5 16.69
F6 1.32 (0.40) 0.28 0.006 15.36 (8.78) 0.23 0.06 8.6  
G12 19.18 (2.02) 0.83 0.0010 61.43 (4.55) 0.12 0.009 31.2 19.86
G4 12.56 (2.55) 0.38 0.06 29.57 60.96 0.14 0.009 42.5 / 20.6 12.83
G5 13.35 (0.70) 0.31 0.03 98.76(17.07) 0.11 0.01 13. 21.73
G6 7.31 (0.02) 0.27 0.02 111.70156.56 0.13 0.02 6.5 / 4.7 10.14
G7 11.94 (0.42) 0.26 0.0003 29.94 98.77 0.10 0.004 39.9 / 12.1 12.64
G9 17.86 (0.45) 0.39 0.06 91.88154.74 0.11 0.003 19.4 / 11.5 16.26
H3 4.87 (0.11) 0.20 0.0003 74.66 93.11 0.19 0.01 6.5 / 5.2 24.20
H4 11.38 (0.30) 0.26 0.003 120.69(16.63) 0.16 0.03 9.4 39.98
H5 4.20 (0.43) 0.35 0.002 42.52 (2.53) 0.26 0.02 9.9 16.28
H6 11.49 (2.51) 0.34 0.006 100.70 (9.39) 0.17 0.01 11.4 34.32
S1 3.24 (0.35) 0.25 0.03 296.48(86.65) 0.20 0.03 1.1 35.58
S2 5.57 (0.57) 0.25 0.008 296.95(35.77) 0.27 0.004 1.9 22.00
S4 3.56 (0.98) 0.22 0.002 152.78(43.88) 0.20 0.02 2.3 14.65
S6 6.30 (1.37) 0.17 0.02 62.56 (0.85) 0.13 0.004 10.1 14.70
S7 1.16 (0.05) 0.19 0.001 3.24 (1.72) 0.19 0.03 35.7 1.80
Table key: Abbreviations: XSHOOT: Shoot concentrations of wheat plants; XROOT: Root concentrations of wheat 
plants; AsSHOOT/ROOT: The ratio of shoot to root As concentrations, expressed as a percentage, XPLANT: Mass of X 
accumulated by wheat plants per pot. 
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Table 4.4.2. Shoot concentrations of plant assimilated nutrients, including calcium, potassium, magnesium, sodium, sulphur, cadmium, copper, lead and zinc for wheat 
grown in sheep dip soils. All concentrations are expressed on dry weight basis.  Values represent a pot duplicate mean and a single standard deviation (bracketed). 
ID Ca (%) K (%) Mg (%) Na (mg/kg) S (%) Cd (mg/kg) Cu (mg/kg) Pb (mg/kg) Zn (mg/kg) 
A2D 0.12 (0.005) 0.44 (0.10) 0.16 (0.004) 262.04 (75.04) 0.15 (0.002) 0.31 0.06 5.19 (0.89) 1.54 (0.35) 55.11 (0.20) 
A3D 0.45 (0.009) 2.76 (0.12) 0.19 (0.02) 30.44 (2.68) 0.25 (0.006) n.d.  8.38 (0.07) 0.62 (0.03) 43.49 (2.44) 
A4 0.14 (0.006) 1.07 (0.07) 0.18 (0.01) 99.15 (19.29) 0.17 (0.009) 0.01  4.09 (1.19) 0.89 (0.13) 39.16 (10.24) 
B1 0.33 (0.002) 3.11 (0.17) 0.13 (0.0003) 46.83 (5.49) 0.21 (0.006) 0.01  4.54 (0.31) 0.38 (0.11) 25.90 (0.83) 
B2 0.20 (0.005) 3.57 (0.05) 0.13 (0.003) 67.16 (11.90) 0.28 (0.03) 0.16 0.07 6.28 (0.63) 0.30 (0.07) 47.62 (0.48) 
B3 0.24 (0.07) 0.19 (0.14) 0.22 (0.07) 116.36 (8.47) 0.16 (0.02) 5.40  3.23 (0.68) 0.80 (0.24) 32.96 (13.81) 
C10 0.59 (0.06) 3.82 (0.13) 0.14 (0.006) 87.71 (49.21) 0.19 (0.02) 0.98  3.52 (0.27) 0.10 (0.00) 44.99 (4.25) 
C3 0.46 (0.09) 5.15 (0.64) 0.14 (0.02) 52.48 (10.64) 0.23 (0.10) 2.34 0.72 8.06 (2.71) 0.17 (0.19) 51.36 (12.72) 
C6 0.69 (0.04) 5.07 (0.46) 0.20 (0.01) 63.96 (15.06) 0.24 (0.02) 1.28  4.89 (0.31) n.d.  34.14 (5.73) 
D6 0.45 (0.07) 5.03 (0.60) 0.15 (0.03) 68.40 (3.05) 0.22 (0.03) 1.41 0.09 8.88 (2.01) 0.17  60.53 (2.93) 
E3 0.68 (0.02) 5.87 (0.17) 0.20 (0.006) 88.17 (5.46) 0.33 (0.01) 3.54 0.18 8.98 (0.93) 0.12 (0.03) 451.47 (0.73) 
E5 0.78 (0.09) 1.58 (0.09) 0.16 (0.008) 86.46 (8.79) 0.23 (0.008) 11.86 0.38 3.19 (0.80) 0.18  1346.43 (175.16) 
E6 1.11 (0.07) 4.31 (0.22) 0.24 (0.02) 199.80 (0.68) 0.36 (0.02) 21.67 19.20 4.98 (0.91) 0.31 (0.32) 795.08 (4.84) 
E9 0.68 (0.08) 4.56 (0.03) 0.15 (0.02) 78.16 (25.28) 0.25 (0.03) 5.08 1.62 6.18 (0.72) 0.07  259.23 (43.77) 
F6 0.98 (0.08) 4.45 (0.40) 0.46 (0.05) 309.06 (112.80) 0.25 (0.004) 14.88  18.87 (0.25) 0.36  27.80 (2.91) 
G12 0.63 (0.01) 6.22 (0.07) 0.24 (0.007) 92.78 (0.66) 0.32 (0.004) 10.75 12.33 4.43 (0.31) 0.25 (0.18) 161.78 (5.80) 
G4 0.44 (0.02) 6.36 (0.12) 0.23 (0.004) 59.90 (5.06) 0.27 (0.01) 8.05 5.61 3.55 (0.04) 0.15 (0.07) 49.51 (7.51) 
G5 0.28 (0.004) 5.97 (0.14) 0.16 (0.002) 56.10 (3.64) 0.30 (0.009) 8.68 5.15 3.84 (1.78) 0.24  31.13 (3.22) 
G6 0.34 (0.03) 4.35 (0.53) 0.37 (0.003) 552.46 (211.36) 0.60 (0.04) 14.07 6.56 3.14 (0.004) 0.40  32.36 (1.04) 
G7 0.81 (0.02) 5.75 (0.25) 0.27 (0.02) 68.30 (9.20) 0.27 (0.00007) 6.12 3.12 4.79 (0.49) 0.15 (0.16) 42.62 (1.51) 
G9 0.69 (0.10) 5.47 (0.19) 0.19 (0.02) 79.30 (19.67) 0.29 (0.01) 10.45 1.70 3.87 (0.34) 0.15 (0.01) 60.88 (6.99) 
H3 0.40 (0.04) 4.47 (0.11) 0.18 (0.009) 56.93 (2.79) 0.20 (0.01) 1.42 0.23 6.03 (0.10) 0.20 (0.04) 32.94 (0.57) 
H4 0.42 (0.01) 4.71 (0.09) 0.16 (0.006) 37.29 (2.23) 0.29 (0.03) 5.29 0.89 8.02 (0.56) 0.30 (0.05) 44.73 (1.98) 
H5 0.31 (0.02) 3.92 (0.26) 0.11 (0.003) 44.89 (4.44) 0.19 (0.010) 5.35 0.28 7.23 (0.45) 0.64 (0.03) 46.80 (2.70) 
H6 0.31 (0.005) 3.55 (0.07) 0.14 (0.00004) 43.31 (3.00) 0.22 (0.02) 6.54 0.33 7.37 (0.65) 0.51 (0.15) 52.84 (1.93) 
S1 0.51 (0.007) 0.12 (0.03) 0.23 (0.002) 252.21 (63.59) 0.17 (0.001) 0.05  5.75 (0.56) 0.43  27.07 (1.19) 
S2 0.13 (0.005) 0.23 (0.07) 0.15 (0.003) 206.85 (64.11) 0.13 (0.005) 0.08  3.68 (0.20) 0.48 (0.11) 26.10 (5.22) 
S4 0.17 (0.006) 0.30 (0.08) 0.17 (0.005) 155.78 (38.23) 0.15 (0.003) 0.04  3.96 (0.44) 1.17 (0.79) 35.43 (24.77) 
S6 0.43 (0.04) 3.34 (0.31) 0.22 (0.008) 40.11 (2.93) 0.19 (0.02) 0.22  5.50 (0.24) 0.61  19.57 (1.90) 
S7 0.22 (0.02) 3.38 (0.15) 0.14 (0.01) 62.42 (9.42) 0.17 (0.008) 0.03 0.03 3.03 (0.60) 0.24 (0.02) 18.60 (0.22) 
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Table 4.4.3. Root concentrations of plant assimilated nutrients, including calcium, potassium, magnesium, sodium, sulphur, cadmium, copper, lead and zinc for wheat 
grown in sheep dip soils. All concentrations are expressed on dry weight basis.  Values represent a pot duplicate mean and a single standard deviation (bracketed). 
ID Ca (%) K (%) Mg (%) Na (%) S (%) Cd (mg/kg) Cu (mg/kg) Pb (mg/kg) Zn (mg/kg) 
A2D 0.05 (0.01) 0.47 (0.08) 0.04 (0.01) 0.71 (0.005) 0.33 (0.03) 5.09 (2.09) 27.50 (12.01) 19.50 (0.69) 231.69 (45.17) 
A3D 0.08 (0.01) 0.16 (0.01) 0.03 (0.0004) 0.41 (0.009) 0.11 (0.002) 0.37 (0.10) 11.44 (1.56) 3.91 (0.63) 92.14 (1.82) 
A4 0.10 (0.007) 0.34 (0.07) 0.05 (0.009) 0.49 (0.03) 0.18 (0.02) 4.73 (2.48) 8.95 (0.70) 1.18 (1.66) 80.32 (17.17) 
B1 0.17 (0.1) 0.59 (0.05) 0.06 (0.007) 0.37 (0.01) 0.10 (0.0007) 2.00 (2.38) 6.30 (1.70) 6.37 (1.69) 139.46 (16.22) 
B2 0.10 (0.001) 0.18 (0.10) 0.03 (0.01) 0.38 (0.008) 0.10 (0.006) 13.21 (17.49) 7.20 (1.51) 4.82 (0.24) 130.78 (47.58) 
B3 0.05 (0.005) 0.19 (0.06) 0.03 (0.005) 0.51 (0.04) 0.15 (0.01) 2.28 (0.35) 9.98 (0.55) 4.39 (0.80) 77.56 (3.23) 
C10 0.30 (0.002) 0.28 (0.02) 0.07 (0.01) 0.29 (0.008) 0.13 (0.006) 0.72 (0.57) 9.72 (3.11) 3.05 (1.09) 204.02 (9.99) 
C3 0.33 (0.1) 0.40 (0.3) 0.05 (0.02) 0.29 (0.02) 0.12 (0.009) 1.60 (0.09) 11.71 (0.07) 3.85 (1.13) 351.78 (17.56) 
C6 0.29 (0.005) 0.16 (0.01) 0.05 (0.004) 0.38 (0.09) 0.14 (0.02) 0.28 (0.39) 8.54 (2.55) 2.14 (0.21) 200.06 (92.51) 
D6 0.32 (0.04) 0.37 (0.005) 0.08 (0.004) 0.28 (0.002) 0.12 (0.005) 1.45 (0.17) 11.79 (0.43) 1.91 (0.68) 307.34 (15.96) 
E3 0.39 (0.2) 0.21 (0.05) 0.08 (0.03) 0.21 (0.0003) 0.11 (0.003) 4.90 (1.64) 12.39 (0.86) 2.34 (0.42) 1888.14 (78.36) 
E5 0.46 (0.07) 0.26 (0.03) 0.06 (0.02) 0.39 (0.03) 0.23 (0.005) 42.38 (3.20) 14.42 (0.45) 3.89 (1.30) 7140.92 (82.92) 
E6 0.29 (0.03) 0.21 (0.02) 0.06 (0.003) 0.29 (0.01) 0.16 (0.01) 18.00 (2.01) 11.65 (0.39) 40.59 (21.49) 2454.51 (347.74) 
E9 0.37 (0.003) 0.49 (0.1) 0.09 (0.005) 0.24 (0.008) 0.15 (0.005) 9.72 (1.10) 13.66 (1.68) 3.57 (1.19) 1545.93 (1.38) 
F6 0.30 (0.01) 0.99 (0.4) 0.18 (0.07) 0.71 (0.06) 0.23 (0.04) 1.05 (0.51) 1062.74 (115.71) 1.74 (1.30) 88.90 (17.23) 
G12 0.45 (0.01) 0.18 (0.007) 0.10 (0.003) 0.19 (0.02) 0.16 (0.008) 1.01 (0.66) 12.96 (2.43) 6.85 (1.58) 835.75 (145.26) 
G4 0.27 (0.04) 0.23 (0.0006) 0.07 (0.01) 0.44 (0.05) 0.18 (0.004) 1.37 (1.16) 11.04 (0.69) 13.72 (6.44) 402.81 (39.90) 
G5 0.26 (0.02) 0.23 (0.005) 0.07 (0.01) 0.43 (0.05) 0.15 (0.003) 0.47 (0.05) 9.96 (0.44) 30.47 (3.20) 170.21 (16.79) 
G6 0.22 (0.004) 0.34 (0.01) 0.08 (0.003) 0.48 (0.06) 0.28 (0.01) 1.43 (0.45) 10.06 (1.51) 2.23 (0.13) 154.84 (25.48) 
G7 0.26 (0.07) 0.16 (0.03) 0.06 (0.01) 0.43 (0.010) 0.14 (0.0003) 1.28 (0.42) 9.29 (1.24) 32.60 (10.42) 232.83 (2.75) 
G9 0.26 (0.03) 0.15 (0.01) 0.07 (0.006) 0.43 (0.02) 0.13 (0.006) 0.92 (0.56) 9.79 (1.58) 90.57 (15.44) 365.17 (36.85) 
H3 0.13 (0.01) 0.86 (0.06) 0.11 (0.02) 0.51 (0.002) 0.16 (0.004) 13.18 (4.04) 12.98 (2.77) 1.26 (0.23) 273.51 (25.67) 
H4 0.15 (0.03) 0.51 (0.2) 0.09 (0.02) 0.43 (0.03) 0.15 (0.03) 30.79 (11.62) 15.31 (1.63) 2.03 (0.77) 326.82 (113.51) 
H5 0.12 (0.009) 0.94 (0.09) 0.08 (0.010) 0.45 (0.0010) 0.15 (0.01) 60.54 (5.59) 15.92 (0.01) 1.65 (0.08) 353.23 (66.91) 
H6 0.12 (0.008) 0.67 (0.09) 0.07 (0.008) 0.51 (0.009) 0.13 (0.006) 70.64 (3.12) 15.82 (1.36) 2.15 (0.49) 351.14 (9.29) 
S1 0.17 (0.02) 0.38 (0.06) 0.07 (0.02) 0.56 (0.07) 0.25 (0.02) 6.97 (1.91) 49.24 (9.17) 1.39 (0.06) 72.52 (3.32) 
S2 0.23 (0.01) 0.48 (0.2) 0.07 (0.01) 0.54 (0.05) 0.30 (0.007) 6.64 (1.03) 15.87 (0.52) 4.93 (0.10) 93.76 (7.26) 
S4 0.22 (0.01) 0.28 (0.02) 0.05 (0.007) 0.48 (0.03) 0.25 (0.02) 10.42 (4.86) 16.14 (0.62) 0.69 (0.97) 106.64 (4.31) 
S6 0.26 (0.06) 0.29 (0.005) 0.06 (0.003) 0.43 (0.02) 0.16 (0.005) 4.87 (0.94) 17.21 (0.36) 0.97 (0.01) 71.63 (1.77) 
S7 0.12 (0.009) 0.68 (0.10) 0.07 (0.01) 0.47 (0.03) 0.14 (0.02) 1.62 (1.81) 4.71 (0.99) 0.50 (0.35) 82.05 (14.93) 
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Table 4.4.4. Root arsenic, phosphorous and iron replicate levels and their respective relative percent 
differences for wheat plants grown in sheep dip soils. Values in bold identify As and Fe duplicates with 
large relative or absolute discrepancies. 
ID Root As RPD (%) Root P RPD (%) Root Fe RPD (%) 
A2D 819.24 758.11 8 2364.47 1664.63 35 754.85 643.70 16
A3D 97.25 123.48 24 1128.78 821.52 32 1425.16 1463.33 3
A4 194.42 225.53 15 1373.63 1662.69 19 1429.69 2067.46 36
B1 6.52 5.74 13 2622.77 2488.55 5 2190.07 1477.60 39
B2 29.32 104.64 112 909.56 799.43 13 1361.02 3359.52 85
B3 231.45 167.97 32 1014.17 880.82 14 1082.02 1447.07 29
C10 0.75 1.28 52 1295.50 1450.95 11 682.05 1210.74 56
C3 35.33 54.83 43 852.11 1297.02 41 862.15 480.26 57
C6 8.11 5.84 33 902.67 968.68 7 676.10 557.50 19
D6 0.94 0.58 48 2242.43 2180.45 3 1189.98 1008.17 17
E3 3.60 4.32 18 1498.76 1823.62 20 1285.81 2618.42 68
E5 20.42 19.46 5 3295.46 3391.92 3 990.44 519.83 62
E6 24.27 20.60 16 1302.45 1717.36 27 1587.93 1437.90 10
E9 21.08 18.50 13 1944.26 2144.01 10 1543.38 951.22 47
F6 21.57 9.16 81 2753.68 1929.78 35 803.83 1088.24 30
G12 58.21 64.65 10 1263.90 1137.63 11 1893.79 2376.36 23
G4 29.57 60.96 69 1372.91 1506.19 9 602.19 1299.57 73
G5 86.69 110.83 24 1162.31 977.77 17 2518.41 2090.18 19
G6 156.56 111.70 33 1467.04 1230.48 18 1761.65 1076.44 48
G7 98.77 29.94 107 987.86 933.69 6 2389.20 980.00 84
G9 154.74 91.88 51 1139.67 1097.59 4 2602.86 2039.23 24
H3 74.66 93.11 22 1809.22 1966.56 8 832.92 1889.81 78
H4 108.93 132.45 19 1374.05 1821.66 28 1416.48 1506.94 6
H5 44.31 40.73 8 2723.69 2389.48 13 767.92 838.52 9
H6 107.35 94.06 13 1784.06 1612.23 10 960.09 821.23 16
S1 235.21 357.76 41 1808.57 2266.52 22 726.40 608.30 18
S2 322.24 271.65 17 2725.93 2672.18 2 430.90 397.05 8
S4 183.80 121.75 41 2169.20 1879.48 14 956.03 791.56 19
S6 61.97 63.16 2 1282.34 1228.04 4 491.18 498.03 1
S7 4.46 2.03 75 2050.22 1658.74 21 907.89 765.31 17
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4.4.2 Arsenic uptake and plant growth 
To assess if As toxicity had an influence on the plant uptake of As from soil, or vice versa, 
plant As concentrations after 21 days of growth were compared to the wheat biomass 
measures, the latter used as an proxy variable of As toxicity. Shoot biomass exhibited a 
negative association with root As concentrations (Figure 4.4.2). Biomass appeared to be 
unaffected over the initial range in root As concentrations, displaying constant variability (0.6 
- 0.8 g) (Figure 4.4.2). It experienced a rapid reduction to 0.2 - 0.3 g, occurring from 
approximately 30 - 50 mg/kg to approximately 100 mg/kg of root As (Figure 4.4.2). In 
contrast, the root biomass increased over the initial range of root As concentrations, the 
enhancement approximately occurring from 1 to 10 mg/kg of (Figure 4.4.3). A rapid 
reduction in the root biomass was observed with further increase in root As concentrations, 
with the rate of growth suppression flattening at approximately 100 mg/kg of root As, 
corresponding closely to the relationship observed for the shoot biomass (Figure 4.4.2, Figure 
4.4.3).  
As expected, root As concentrations were closely related to soil As levels (Figure 4.4.4). The 
relationship shown in Figure 4.4.4, a plot of the effective As concentrations (AsE) versus the 
root As concentrations, exhibits non-linearity inversely paralleling the trend shown by Figure 
4.4.2 and Figure 4.4.3. Initially, root As increased rapidly with increasing soil concentrations 
(0 - 1 mg/l); however the rate of accumulation appeared to diminish with increasing soil As 
content, the slope in Figure 4.4.4 being visibly lower between 1 to 10 mg/l of effective As 
concentrations. The rate of root As accumulation with increasing soil concentrations 
displayed a second enhancement at approximately 10 mg/l, corresponding to approximately 
100 mg/kg in wheat roots (Figure 4.4.4). Comparing instead the total mass of As accrued by 
plants per pot, shown against the effective soil AsE/PE ratio, the changes in the mass of As 
assimilated by plants with increasing soil As showed an observable reduction, indicative of 
movement towards a saturation asymptote (Figure 4.4.5). 
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Figure 4.4.2. Association between wheat shoot biomass (g dry weight) and log-transformed root As 
concentrations (mg/kg per dry matter).  
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Figure 4.4.3. Association between wheat root biomass (g dry weight) and log-transformed root As 
concentrations (mg/kg per dry matter). 
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Figure 4.4.4. Log-log plot of effective arsenic concentrations (AsE, mg/l) versus wheat root arsenic 
concentration (mg/kg per dry matter). 
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Figure 4.4.5. Log-log plot of the total plant accrued As (µg per plot) versus the soil effective As/P 
concentration ratio.  
  149
Root samples identified as potential outliers in Section 4.4, based largely on the presence of 
other contaminants, disagreement in root replicate As concentrations, or the unlikely plant 
distribution ratios, are identified separately in Figure 4.4.2, Figure 4.4.3, Figure 4.4.4 and 
Figure 4.4.5. Both replicates from soils F6, E5 and C6 appear as outliers in the general trends 
exhibited in Figure 4.4.2 and Figure 4.4.3. While soils E5 and F6 experienced growth 
suppression from Zn and Cu contamination respectively (Table 4.4.2, Table 4.4.3), and 
therefore exhibited lower biomass than expected based solely on soil As, the root As 
concentrations from sample C6 were lower than expected for an As only impacted soil. Due 
to this unique and unexplainable disparity, the root concentrations from sample C6 were 
considered as an experimental error. Along with those from soils E5 and F6, all three 
duplicates were isolated from further analysis. 
Root replicate concentrations from soils B2, H3, G4, G6 and G9 were identified as possible 
outliers in Section 4.4.1 due to potential Fe contamination. The differences between replicated 
root As concentrations from soil samples B2, G6, and H3 were consistent with the general 
trend exhibited between root As concentrations and the two biomass measures (Figure 4.4.2, 
Figure 4.4.3). Even though the duplicates were within the general variability exhibited by 
other samples, the replicate with the high root Fe concentration was removed. In contrast, 
differences in root concentrations between the replicates of G4, G7, and G9 did not 
correspond to expected differences in the root and the shoot biomass measures (Figure 4.4.2, 
Figure 4.4.3). The G9 replicate with lower As and Fe content corresponded to a lower 
biomass, further indicating that the high root As replicate was affected by soil contamination. 
In contrast, the G4 and G7 replicates best fitting general trends of Figure 4.4.2 and Figure 
4.4.3 were those with a higher root As and Fe concentration; replicates with lower As root 
concentrations appeared as outliers relative to the general variability. As a result, the G4 and 
G7 replicates with low root As content were isolated from further statistical analysis. 
The correspondence between the As content in the plant shoot and root compartments is 
shown in Figure 4.4.6. While exhibiting large variability the relationship was indicative of a 
sudden disengagement in shoot As translocation, suggesting that the upward transport of As 
from roots to shoots was influenced by As toxicity (Figure 4.4.6). The association between the 
As in plant shoots and roots, expressed relative to the total molar concentration of As and P in 
the respective compartments, is shown in Figure 4.4.7. The proportion of As in shoots, 
relative to As and P, was either approximately equal or less to that in the plant roots. 
Therefore, with exception of plants grown on soils C10 and C6, P was translocated to plant 
shoots in preference to As (Figure 4.4.7). The percentage of As in shoots increased with 
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increasing proportion of As in plant roots, reaching a maximum of about 0.3 %, beyond which 
any further increases in the root As proportion caused a reduction in the shoot As percentage 
(Figure 4.4.7). 
The inhibitory effect of As toxicity on its upward translocation within the plant is indirectly 
observed in Figure 4.4.8, plotting the shoot-to-root As ratio against the increasing root As 
concentration. While the shoot-to-ratio is inversely related to the root concentration, the figure 
shows that the ratio is not constant. Furthermore, with root As being indirectly correlated to 
the growth suppression, it is observable that the translocation of As to plant shoots decreases 
with increasing soil As across the entire toxicity range. Moreover, the As shoot-to-root ratio 
exhibited a larger variability in the sub-EC50 toxicity range, as shown in Figure 4.4.9.  
Unsurprisingly, shoot As concentrations exhibited a dual relationship versus the progressive 
growth inhibition; a relationship indicative of a threshold wheat shoot As content governed by 
As toxicity (Figure 4.4.10, Figure 4.4.11). Plants with both high and low shoot biomass yields 
were characterised by low As shoot levels. The ratio of shoot As to P concentrations, as 
opposed to the absolute As shoot concentration, corresponded more closely to changes in the 
plant growth. According to Figure 4.4.10, displaying the variance in shoot As to P molar ratio 
over the observed range of shoot biomass, the shoot As to P ratio increased with initial plant 
stress to an apparent maximum, with further growth suppression triggering a reduction in the 
percentage of shoot As relative to P. The relationship displayed considerable variance in the 
shoot As to P maximum, but the inflexion point was reach at approximately half the highest 
shoot biomass (0.4 g).  
Similarly, shoot As content exhibited a dual association against the effective soil As 
concentrations (Figure 4.4.11). Based on a superior association, instead of the effective soil 
As concentrations alone (not shown), the independent variable in Figure 4.4.11 is the effective 
soil As to P ratio. Parallel to Figure 4.4.10, shoot As to P ratio increased with increasing soil 
As to P ratio, attaining a threshold value beyond which the relative shoot As content 
decreased with further increases in relative soil As (Figure 4.4.11). A large variation in the 
relative shoot As content at similar As to P soil ratios is maintained. While the sheep dip sites 
are not well defined across their entire toxicity ranges, there is an indication of multiple shoot 
As maxima. It is possible that the differences in plant’s ability to sustain As in its shoot 
compartments are associated to soil differences; factors that contribute to the alleviation of 
plant toxicity.  
  151
Acknowledging the limited dataset, the samples can be separated into two groups according to 
the relative accrual of As in the shoot tissue over the sub-toxic As concentration range: one 
set of plants, grown on soils from sites E and C (with exception of sample E5), were 
characterised by a higher As to P ratio in comparison to plants grown on soils from other 
sheep dip sites (Figure 4.4.11). However, given that the individual sheep dip sites were not 
well characterised over their entire As toxicity range, a confident inference of differences in 
shoot As uptake is not possible. Thus Figure 4.4.11 hesitantly indicates that site differences 
influence the relationship between shoot and soil As. 
The maximum in the relative shoot As content, expressed as the As to P molar ratio in Figure 
4.4.11, was interpolated as corresponding to the effective soil As to P molar ratio of 
approximately 0.2-0.3. This value is similar to the EC50 values fitted in Section 4.3.4: for the 
effective As to P ratios the EC50 parameter was fitted at 0.24, with a 95 % confidence interval 
between 0.17 and 0.36. The close correspondence between the apparent shoot As threshold 
and the EC50 parameter suggests that the EC50 value has physiological relevance. 
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Figure 4.4.6. Log-log plot of shoot versus root arsenic concentrations (mg/kg of dry matter) for wheat 
grown on sheep dip soils. 
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Figure 4.4.7. Log-log plot of the molar proportion of arsenic, relative to phosphorous, contained in shoot 
versus root compartments of wheat plants in sheep dip soils. 
  153
Root As concentrations (mg/kg dry matter)
0.1 1 10 100 1000
Sh
oo
t /
 R
oo
t A
s 
ra
tio
0.001
0.01
0.1
1
10
 
Figure 4.4.8. Shoot to root As concentration ratio versus root arsenic concentrations in wheat plants 
grown on sheep dip impacted soils. 
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Figure 4.4.9. Changes in the wheat shoot-root As ratio versus the molar ratio of effective soil AsE/PE. The 
dashed reference line indicates the EC50 value fitted based on the AsE/PE ratio. 
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Figure 4.4.10. Plant growth inhibition, indirectly represented by the shoot biomass (g dry weight), versus 
the molar arsenic to phosphorous ratio in wheat shoots. 
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Figure 4.4.11. Relationship between the molar arsenic to phosphorous effective soil concentration ratio 
versus the As/P ratio in the plant shoot matter. Fitted EC50 value is shown as a reference line. 
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As expected from the saturation-like behaviour of As uptake, the transfer of available As from 
soil to plant also exhibited a negative relationship with increasing toxicity and uptake (Figure 
4.4.12).  Figure 4.4.12 shows the proportion of effective soil As taken up by wheat plants, 
estimated based on the constant soil water content of the growing period, plotted against 
wheat root As levels. It is possible that the diffusional limitation to As uptake is reduced with 
the increasing labile soil As. Additionally, as well as inhibiting the translocation of As to 
wheat shoots, the increasing As toxicity may influence the transfer of As from soil to the plant 
(Figure 4.4.12). 
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Figure 4.4.12. The proportion of effective soil As pool (AsE × water volume during the plant growth) taken 
up by the plants verus wheat root As concentrations (mg/kg).  
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4.4.3 Relationship between plant As concentrations and plant 
concentrations of other elements 
Due to variation in both soil properties and As levels in the dataset, it is difficult to 
discriminate between the influence of As toxicity on the uptake and distribution of plant 
nutrients and other assimilated elements, and the conversely, the possible influence of other 
elements on the tolerance and the plant distribution of As. The changes in shoot and root 
concentrations of plant elements other than As were evaluated against changing root As 
concentration, the latter indirectly representing the growth suppression induced through As 
toxicity. The dataset was split into two using the previously fitted EC50 value as a threshold, 
taken as an AsE/PE molar ratio of 0.24. The shoot As concentrations and the 
translocation/distribution of plant As were only considered for the samples below the fitted 
EC50 value, given the influence of As toxicity on the plant As distribution. The proportion of 
total plant As accounted in shoot compartment was used in addition to the concentration-
based shoot to root As ratio to represent the translocation of As from roots to shoots.  
Table 4.4.5 presents the correlation matrix for associations between the plant As 
concentrations and their plant distribution, and the concentrations of other plant assimilated 
elements and their respective shoot to root ratios. Shoot K and S concentrations decreased 
significantly with increasing root As concentrations for the subset of samples above the 
estimated EC50 value (Figure 4.4.13, Table 4.4.5). In contrast, shoot P concentrations 
increased with increasing root As concentrations in the range of samples above the EC50, 
while still displaying a lower average content than that of the sub-EC50 subset. Overall a 
sharp reduction in shoot content of Ca, P, and Cd was observed in plants experiencing acute 
growth suppression (Figure 4.4.13). Along with their average concentrations, the variability in 
shoot nutrient concentrations was also greater in the subset of soils below the estimated EC50 
value, indicating that shoot nutrient concentrations were limited by As toxicity. In contrast, 
relative to their shoot status in the samples below the EC50 threshold, the shoot Na and Pb 
concentrations experienced an increase in the toxicity range (>EC50, Figure 4.4.14, Table 
4.4.5). 
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Table 4.4.5. Pearson correlation matrix between the arsenic concentration in wheat compartments, its 
shoot-to-root distribution, and shoot concentrations, root concentrations and shoot-to-root ratios of 
selected plant-assimilated elements.  
 AsSHOOT 
log AsROOT 
(<EC50) 
log AsROOT
(>EC50) 
log AsROOT
(ALL) 
log 
AsSHOOT/ROOT 
%AsSHOOT 
log PSHOOT 0.17 -0.01 0.66* -0.24 0.32 0.29 
log PROOT -0.66* -0.33 0.70** -0.14 -0.09 -0.27 
log PSHOOT/ROOT 0.49 0.14 -0.19 -0.15 0.33 0.39 
log CaSHOOT 0.59* 0.05 -0.41 -0.39* 0.51 0.58* 
CaROOT 0.39 -0.17 -0.29 -0.42* 0.65* 0.72** 
log CaSHOOT/ROOT 0.18 0.36 -0.08 0.04 -0.38 -0.40 
log MgSHOOT 0.60* 0.29 -0.02 0.30 0.14 0.32 
log MgROOT -0.20 0.16 0.04 -0.28 -0.30 -0.23 
log MgSHOOT/ROOT 0.58* 0.13 -0.05 0.41* 0.34 0.44 
KSHOOT 0.44 0.26 -0.65* -0.44* 0.09 0.28 
log KROOT -0.51 0.01 0.59* -0.07 -0.47 -0.59* 
KSHOOT/ROOT 0.52* 0.2 -0.63* -0.18 0.20 0.35 
log NaSHOOT 0.43 -0.17 0.55 0.29 0.61* 0.69** 
NaROOT -0.20 0.38 0.92** 0.68** -0.78** -0.78** 
log NaSHOOT/ROOT 0.37 -0.28 0.43 0.00 0.75** 0.81** 
CdSHOOT 0.74** 0.45 -0.22 0.08 0.08 0.21 
log CdROOT -0.02 0.39 0.07 0.20 -0.42 -0.49 
log CdSHOOT/ROOT 0.60* 0.23 -0.19 -0.11 0.21 0.43 
log SSHOOT 0.67** 0.29 -0.56* -0.15 0.30 0.37 
log SROOT 0.40 0.51 0.76** 0.60** -0.36 -0.15 
SSHOOT/ROOT 0.29 -0.07 -0.81** -0.42* 0.46 0.40 
log PbSHOOT 0.00 0.32 0.57* 0.61** -0.50 -0.52 
log PbROOT 0.67** 0.37 0.09 0.18 0.12 0.18 
log PbSHOOT/ROOT -0.62* -0.2 0.15 0.14 -0.31 -0.37 
log ZnSHOOT 0.46 0.05 0.1 -0.25 0.50 0.51 
log ZnROOT 0.51 0.22 0 -0.3 0.34 0.37 
log ZnSHOOT/ROOT 0.04 -0.56* 0.07 0.19 0.77** 0.73** 
log CuSHOOT -0.06 0.01 -0.23 -0.15 0.06 0.00 
log CuROOT 0.30 0.45 0.62* 0.49** -0.22 -0.13 
log CuSHOOT/ROOT -0.41 -0.49 -0.72** -0.58** 0.31 0.15 
Table key: Abbreviations: XSHOOT: Shoot concentrations of wheat plants; XROOT: Root concentrations of wheat 
plants; XPLANT: Total plant concentrations; %AsSHOOT: The proportion of plant accrued As allocated in the shoot; 
AsSHOOT/ROOT: Shoot to root As concentration ratio. Probabilities: * p<0.05, ** p<0.01, *** p<0.001. Log 
transformations carried out to normalise the data where necessary. 
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Figure 4.4.13. The changes in wheat concentrations of potassium, sulphur, phosphorous, calcium and 
cadmium with increasing root arsenic concentrations. The dataset is split into samples below and above 
the EC50 value, fitted based on the AsE/PE molar ratio. Where shown, the straight lines represent the 
linear regression fits. 
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Figure 4.4.14. Changes in wheat lead (left) and shoot sodium (right) concentrations with increasing root 
arsenic concentrations. The dataset is split into samples below and above the EC50 value, fitted based on 
the AsE/PE molar ratio. Where shown, the straight lines represent the linear regression fits. 
Concentrations of Na and S in plant roots increased with root As concentrations, with a rapid 
increase in their root contents occurring following the estimated EC50 threshold (Table 4.4.5, 
Figure 4.4.15). Additionally, a weak association was exhibited between root Ca and root As 
concentrations across the entire range of root As concentrations (Table 4.4.5, Figure 4.4.15). 
Sodium and S root concentrations were co-correlated, and both exhibited positive association 
with soil As levels. Root K, P and Cu contents experienced weaker, but significant, increases 
with increasing root As concentration in the post-EC50 range (Table 4.4.5, Figure 4.4.15). 
Therefore, considering the changes in the elemental composition within the root and the shoot 
compartments together, root concentrations of S and K increased while their shoot 
concentrations decreased in the post-EC50 range. In contrast, Na concentrations increased in 
both root and shoot compartments following the EC50 threshold. Additionally, Pb increased 
significantly in the shoot compartment with increasing growth suppression and plant accrual 
of As, while no trends were exhibited in root Pb content with increasing root As 
concentrations (Table 4.4.5). 
  160
Root As (mg/kg)
0.1 1 10 100 1000
R
oo
t C
a 
(m
g/
kg
)
500
1000
1500
2000
2500
3000
3500
4000
4500
Root As (mg/kg)
0.1 1 10 100 1000
R
oo
t N
a 
(m
g/
kg
)
1000
2000
3000
4000
5000
6000
7000
8000
Root As (mg/kg)
0.1 1 10 100 1000
R
oo
t S
 (m
g/
kg
)
1000
Samples > EC50
Samples < EC50
Linear regression lines
 
Figure 4.4.15. Root wheat calcium, sodium and sulphur concentrations against increasing root arsenic 
concentrations. The dataset is split into samples below and above the EC50 value, fitted based on the 
AsE/PE molar ratio. Where shown, the straight lines represent the linear regression fits. 
For soils below the fitted EC50 value, the shoot As concentrations exhibited positive and 
significant (p-value = 0.05) association with Ca, Cd, Mg, and S shoot concentrations (Table 
4.4.5, Figure 4.4.16). All associations are considered weak; the respective Pearson correlation 
coefficients were generally below 0.7. Furthermore, the Ca, Cd and Mg associations were 
highly influenced by sample E6, possessing the highest shoot Ca, Cd and As concentrations 
and an elevated shoot Mg concentration. If the sample E6 was excluded, the correlations 
between the shoot Mg, and Ca concentrations and that of shoot As were not significant at a p-
value of 0.05 (data not shown). 
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Figure 4.4.16. Wheat shoot arsenic content in plants against the respective shoot magnesium, cadmium 
and phosphorous content. Figures display a subset of soils below the fitted EC50 values. 
Additionally, shoot As concentrations exhibited a weak significant correlation with root P 
content, with shoot As content tending to be lower at higher root P content (Table 4.4.5, 
Figure 4.4.16). Shoot As content also exhibited a weak positive correlation with root Pb 
content. The latter association, also significant at a p-value of 0.05, was likely an influence of 
the coincident As and Pb contamination in soils from site G, resulting in high Pb and As 
concentrations in root and shoot compartments respectively. 
The proportion of total plant As accounted by the shoot tissue was positively correlated with 
the Ca status of plants, with higher shoot As translocation occurring in plants with higher 
plant Ca status (Table 4.4.5,  
Figure 4.4.17). The association was significant when considering shoot or root Ca status, but 
the association was stronger with root Ca concentration (Table 4.4.5,  
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Figure 4.4.17). Root and shoot Na contents displayed a diverging correlation with the plant As 
distribution: the proportion of As in shoots increasing with increasing shoot Na 
concentrations, but decreasing with increasing root Na concentration. Consequently, the As 
and Na root-to-shoot ratios were significantly associated (Table 4.4.5).  
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Figure 4.4.17. The percentage of total plant As assimilated in the shoot compartment against root calcium 
concentrations. The dataset is split into samples below and above the EC50 value, fitted based on the 
AsE/PE molar ratio. 
The Zn content of plants grown on soils from site E, soils that were impacted by Zn 
contamination, was directly associated with the proportion of As in plant shoots (Figure 
4.4.18). For the soils E3, E6 and E9: the As root to shoot translocation was highest in the 
sample with highest Zn plant content, and lowest in the sample with the lowest plant content. 
The soil to plant As concentration ratio was apparently independent of plant Zn concentration 
for the three samples from site E, suggesting that plant Zn influences translocation as opposed 
to uptake (Figure 4.4.18). The Zn and As root-to-shoot ratios were significantly correlated 
within the sub-EC50 subset of the entire dataset (Table 4.4.5).  
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Figure 4.4.18. The arsenic soil-plant concentration transport factor (left) and the arsenic shoot-root 
concentration transport factor (right) against increasing shoot Zn content of plants grown on soils from 
Site E. Sample E5 has been excluded due to high growth inhibition. 
4.4.4 Correlation between plant As and soil arsenic determinations 
The pearson correlation matrix for association between plant shoot and root As concentration, 
total plant As content (mg per pot), versus various soil As determinations and As to P ratios is 
displayed in Table 4.4.6. The DGT As concentrations were not included; they were 
considered redundant due to very close agreement with the effective soil concentrations. In 
addition to the entire dataset, the correlations for root concentrations and total As plant 
content are shown for both below and above EC50 subsets. Shoot and root plant As 
concentrations are plotted against a group of soil extractants in Figure 4.4.19, Figure 4.4.20, 
and Figure 4.4.21. The independent variables were selected to provide a representative range 
of the proportion of total soil As released by the extractions used in the study. 
Both shoot and root plant As concentrations were significantly associated with all soil As 
determinations, as expected given the general correspondence between different soil As 
extractions (Table 4.4.6). All correlations were significant at a 99 % confidence interval, with 
exception of the fraction representing residual soil As in the sequential extraction scheme (p-
value = 0.05). The fraction of As defined as residual and the fraction of As associated with 
crystalline Fe/Al oxides consistently exhibited the weakest correlation coefficients with plant 
As concentrations. Effective soil As (AsE) was consistently one of the most favourable 
predictors of both shoot and root As concentrations, with r2 values of 0.81 and 0.88 
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respectively, followed by the RHIZO-extractable soil As, with r2 values of 0.80 and 0.82 
respectively. 
Table 4.4.6. Pearson correlation matrix between different plant arsenic determination and different soil 
arsenic determinations. Soils below the fitted EC50 value were used for correlating shoot As content, while 
root and total plant concentrations were split into two using the EC50 value as a threshold.  
  AsSHOOT <EC50 
log 
AsSHOOT 
log AsROOT
< EC50 
log AsROOT
> EC50 
log AsROOT
All 
log 
AsPLANT 
< EC50 
log 
AsPLANT 
> EC50 
log 
AsPLANT 
All 
AsTOTAL 0.72** 0.82** 0.83** 0.87** 0.89** 0.76** 0.26 0.71** 
AsSTEP 1 0.78** 0.85** 0.71* 0.81** 0.85** 0.63* 0.16 0.51* 
AsSTEP 2 0.54* 0.72** 0.78** 0.86** 0.86** 0.74** 0.27 0.67** 
AsSTEP 1+2 0.61* 0.77* 0.81** 0.86** 0.88** 0.77** 0.25 0.69** 
AsSTEP 3 0.73** 0.84** 0.87** 0.88** 0.91** 0.82** 0.27 0.73** 
AsSTEP 1+2+3 0.71** 0.84** 0.87** 0.88** 0.91** 0.81** 0.27 0.73** 
AsSTEP 4 0.71** 0.79** 0.76** 0.82** 0.86** 0.71** 0.25 0.69** 
AsSTEP 5 0.59* 0.60* 0.59* 0.75** 0.77** 0.48 0.19 0.55** 
AsOLSEN 0.72** 0.82** 0.88** 0.86** 0.91** 0.81** 0.23 0.73** 
AsSBET 0.72** 0.83** 0.86** 0.82** 0.90** 0.77** 0.18 0.70** 
AsO 0.72** 0.84** 0.87** 0.78** 0.90** 0.81** 0.22 0.74** 
AsRH 0.80** 0.90** 0.91** 0.78** 0.90** 0.86** 0.17 0.73** 
AsE 0.80** 0.90** 0.91** 0.81** 0.94** 0.86** 0.18 0.79** 
AsSOL 0.81** 0.87** 0.79** 0.70** 0.84** 0.73** 0.16 0.70** 
As/PTOT 0.76** 0.84** 0.85** 0.74** 0.89** 0.77** 0.27 0.71** 
As/POLS 0.75** 0.84** 0.88** 0.76** 0.90** 0.80** 0.25 0.72** 
As/PRH 0.72** 0.78** 0.82** 0.79** 0.88** 0.73** 0.24 0.70** 
As/PE 0.75** 0.84** 0.92** 0.62** 0.90** 0.84** 0.10 0.72** 
As/PSOL 0.76** 0.82** 0.87** 0.72** 0.90** 0.78** 0.21 0.72** 
Table key: Abbreviations: Xtotal: Total recoverable soil concentration; Xo: 0.01M NH2OH•HCl (pH 2) extractable;  
XStep 1: 0.05 M (NH4)2SO4 fraction; XStep 2: 0.05 M NH4H2PO4 fraction; XStep 3: 0.2 M NH4-oxalate (pH 3.25) 
fraction; XStep 4: 0.2 M NH4-oxalate + 0.1 M ascorbic acid fraction; XStep 5: Microwave-assisted digestion in aqua 
regia fraction; XOlsen: 0.5M NaHCO3 (pH 8.5) extractable; XRHIZO: 0.01 M acetic, lactic, citric, malic and formic acid 
(molar ratio 4:2:1:1:1); XSBET: SBET extractable concentration; Xsol: Soil pore water/soluble concentrations; XE: 
Effective concentrations.  Probabilities: * p<0.05, ** p<0.01, *** p<0.001 
Specifically considering the shoot concentrations, soil As extracted by the RHIZO reagent, 
the effective soil As concentrations, soluble As concentrations and the non-specifically 
adsorbed soil As were the strongest linear predictors. In contrast, total soil As, fractions 
representing As associated with crystalline Al/Fe oxides and residual As represented the 
weakest linear predictors of shoot As concentration. The fraction of soil As representing non-
specifically and specifically adsorbed soil As (0.05 M NH4H2PO4-extractable) was an 
exception to the trend of relatively stronger correlation between the less-aggressive 
extractions and the shoot As. 
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In Table 4.4.6 shoot As concentrations are represented as both untransformed and log-
transformed data. While shoot As content in the small subset representing soils below the 
EC50 value approximated the normal distribution, the linear relationship against soil 
determinations were stronger when log-transformed shoot As concentrations were considered 
(Table 4.4.6). Despite the low number of samples, the improved association between the log-
transformed shoot As and soil As concentrations, compared to that for the untransformed 
shoot As concentrations, suggests that the relationship between the shoot and soil As 
exhibited non-linearity. Plots in Figure 4.4.19, Figure 4.4.20, and Figure 4.4.21 show 
increasing divergence in shoot As content with increasing soil As concentrations; plants 
grown in soils from Site E (E6 and E9) in particular, exhibited a greater uptake of soil As 
compared to other soils. 
Continuing with examination of differences in shoot As uptake across soils, Figure 4.4.22 
depicts both the absolute shoot As concentrations and the shoot As to P ratio against the 
increasing effective soil AsE/PE ratios. The shoot As concentrations were greater in samples 
from site E, as observed in both of the plots in Figure 4.4.22. Furthermore, Figure 4.4.22B 
suggests that relative to P the different sheep dip sites exhibited distinct shoot As maximums: 
the figure displays increasingly divergent ratios of As to P in plant shoots with increasing soil 
As/P ratios. Therefore at any given As to P ratio in soil the As to P ratio in plant shoots 
decreased in the order of Site E > Site C > Site H > Site G.  
In contrast to shoot As concentrations, root As concentrations were more favourably 
correlated to soil As determinations representing larger fractions of soil As. Therefore, 
relative to soil As pools considered as the most labile, but with exception of the effective and 
the RHIZO-extractable soil As concentrations, soil As extracted by the 0.2 M NH4-oxalate 
buffer, the Olsen reagent, the SBET method, and the hydroxylamine hydrochloride reagent 
corresponded more favourably to root As concentrations. For instance, total soluble As and 
non-specifically adsorbed soil As concentrations were one of the poorest linear predictors of 
root As concentrations. Similarly to shoot As concentrations, the 0.05 M NH4H2PO4-
extractable As was weakly associated with root As concentrations. Both AsE and AsRHIZO 
exhibited stronger linear relationships with root As for the subset below the EC50 threshold, 
while the more recalcitrant pools of soil As were better related to root As for the subset of 
samples above the EC50 threshold.  
The relationships between root and soil As concentrations were visibly non-linear, as shown 
by plots in Figure 4.4.19, Figure 4.4.20 and Figure 4.4.21. Rate of change in the root As 
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uptake with increasing soil As level was inverse of that exhibited in dose-response inhibition 
curves, rapid changes in root As corresponding to smallest rates of growth inhibition with 
increasing soil As, characteristic of a logit function. Therefore, while the rate of root As 
accrual was initially rapid it decreased with increasing soil As concentrations to a temporary 
plateau, occurring approximately at 100 mg/kg of root As. However, with increasing soil As 
the root As concentrations started to increase again, seemingly in an exponential fashion. The 
soils within the latter segment were associated with severe inhibition of root growth, resulting 
in very low root biomass. As such their root digests may be impacted by soil contamination. 
Out of all the soil As determinations, the association between the root As concentrations and 
the effective soil As approximated a linear relationship most closely, reflected in the highest 
coefficient of determination. With exception of the total soluble As and the 0.05 M 
(NH4)2SO4-extractable soil As, all other As determinations shown in Figure 4.4.19, Figure 
4.4.20 and Figure 4.4.21 exhibited close agreement to the conceptual non-linear relationships. 
Samples B2 and E6 consistently appeared as outliers, accruing less root As than expected at a 
given soil As level. It is suggested that the higher shoot-root ratios at Site E, due to Zn cross-
contamination, are directly related to the lower root As concentration. Sample B2 is not 
identified as a possible outlier when RHIZO-extractable soil As is considered. In addition to 
samples E6 and B2, the association between 0.05 M NH4H2PO4-extractable soil and root As 
was also influenced by sample E3, exhibiting lower than expected uptake for the given 
NH4H2PO4-extractable soil As concentration. 
Closely approximating the observed non-linear behaviour, the association between root As 
concentrations and the As to P soil ratios was consistently influenced by three samples, C10, 
B2 and A4, as shown in Figure 4.4.21 for the effective soil As to P ratios. For the three 
samples the root As concentrations were lower than expected at the given As to P soil ratios. 
All three samples were characterised by relatively low P plant status, forming part of the 
group considered as P deficient (Table 4.4.1). Considering the relationship between the As to 
P concentration ratios in roots and soil, as plotted in Figure 4.4.23A, two distinct relationships 
are noticeable. In order to display a linear relationship in Figure 4.4.23A the effective soil 
As/P concentrations were transformed by taking their square root. Soil available P exerted a 
significant influence on the proportion of As, relative to P, in the plant roots (Figure 4.4.23B). 
At a given As to P ratio in soils, the ratio of As/P in plant roots tended to increase with 
increasing available soil P (Figure 4.4.23B). Therefore the two apparent relationships in 
Figure 4.4.23A are reflection of gross differences in soil P availability. 
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Figure 4.4.19. Log-log relationships between wheat plant shoot arsenic (left column) and root arsenic 
(right column) concentrations and various soil arsenic determinations: total soil As (top row), 0.2M NH4-
oxalate buffer extractable As (middle row) and 0.05M NH4H2PO4-extractable As (bottom row). Solid line 
represents a linear regression fit, dashed lines represent the 95% prediction interval. 
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Figure 4.4.20. Log-log relationships between wheat plant shoot arsenic (left column) and root arsenic 
(right column) concentrations and various soil arsenic determinations: RHIZO-extractable soil As (top 
row), 0.05M (NH4)2SO4-extractable soil As (middle row) and the effective soil As (bottom row). Solid line 
represents a linear regression fit, dashed lines represent the 95% prediction interval. 
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Figure 4.4.21. Log-log relationships between wheat plant shoot arsenic (left column) and root arsenic 
(right column) concentrations and various soil arsenic determinations: total soluble As (top) and the 
effective soil As/P ratio (bottom). Solid line represents a linear regression fit, dashed lines represent the 
95% prediction interval. 
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Figure 4.4.22. Shoot As concentrations (A) and shoot As/P molar ratio (B) against effective soil As/P molar 
ratio. Samples beneath the EC50 threshold (AsE/PE = 0.24) shown only (n = 15). 
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Figure 4.4.23. Association between the ratio of arsenic to phosphorous molar concentrations in plant roots 
versus the square root of the ratio of effective soil arsenic to phosphorous concentration (Plot A).  Plot B 
shows the ratio of Root As/P to Soil AsE/PE versus the effective soil P concentrations. 
Total plant As content, expressing the total weight of As accumulated by wheat plants per pot, 
exhibited the weakest linear correlations with the soil As determinations (Table 4.4.6). This 
was expected from the hyperbolic behaviour described previously in Figure 4.4.5. Wheat 
plants displayed a steep and relatively constant rate of As uptake with increasing soil As 
levels, rapidly approaching apparent uptake maxima (Figure 4.4.24). The lack of correlation 
between the total plant As content and the different determinations of soil As for samples 
above the EC50 indicated that plants approached their As maxima close to this threshold.  
An inhibition to As uptake by wheat plants is expected from the decoupling of upward 
translocation with increasing As toxicity, and more importantly, the reduction of root biomass 
with increasing root As concentrations. However, as reflected in Figure 4.4.24, considerable 
variance existed in the apparent wheat As maxima, with the maxima ranging between 10 and 
40 ug of As per pot. At similar levels of soil As, total plant As levels were higher in samples 
from Waikato (Sites A & B) and Site H, relative to samples from Site S and Site G. Neither 
the exponential nor hyperbolic functions favourably suited the data due to the initially rapid 
uptake of As and the large disparity in “maximal” As uptake. 
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Figure 4.4.24. Log-log relationships between the total arsenic content of wheat plants (µg per pot) versus 
various soil arsenic determinations: (A) total soluble As, (B) 0.2M NH4-oxalate buffer extractable As, (C) 
0.05M NH4H2PO4-extractable As, (D) RHIZO-extractable soil As, (E) effective soil As , and(F), the total 
soluble As. 
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For samples below the EC50 threshold the relative strength of correlations between the total 
As uptake and soil As determinations was similar to the pattern exhibited by root As 
concentrations. Thus, RHIZO-extractable and effective soil As concentrations were most 
closely associated with the total plant As content. Additionally, E6 did not appear as an outlier 
in the association between total plant As and soil As, further supporting the suggestion that 
the relatively lower plant root As content is due to an enhanced shoot to root translocation. 
4.4.5 Correlation between the plant arsenic distribution, soil 
transfer factors and soil properties 
The associations between the distribution of plant As, the transfer of As between the soil and 
plant pools and measured soil properties were absent or relatively weak where significant 
(Table 4.4.7). The proportion of plant assimilated As accounted in the shoot compartment was 
positively associated with the soluble Ca concentrations, consistent with the previously 
reported positive association between plant Ca concentrations and percentage of As accounted 
for in the shoots. 
In contrast to the plant distribution of As, the As soil-plant transfer variables exhibited weak 
negative associations with soluble Ca concentrations (p-value < 0.05), with the plant As 
representing a lower proportion of the soil As pool at higher soluble Ca concentrations (Table 
4.4.7). The AsE transfer factor was also negatively correlated with BS and positively 
associated with solution pH (p-value < 0.05). Both the soil-plant transfer factors and the soil-
shoot transfer factors exhibited significant, negative associations with total soil Fe and Fe 
oxide concentrations. Overall, the soil-shoot transfer factor displayed stronger associations 
with the soil Fe determinations, particularly crystalline Fe oxides, compared to the soil-total 
plant transfer factor (Table 4.4.7). It is suggested that this was due to potential soil 
contamination of roots, with the shoot transfer factor providing a more sensitive indicator of 
plant uptake. Additionally, unlike the soil to plant As transfer variables, the soil to shoot As 
ratio did not exhibit a significant negative correlation with growth suppression (data not 
shown). 
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Table 4.4.7. Pearson correlation matrix between the distribution of arsenic between roots and shoots of 
wheat plants, its transfer between soil and total plant arsenic, and between soil and shoot arsenic versus a 
selected group of soil properties. 
 %AsSHOOT log AsPLANT/SOIL log AsE TF log AsSHOOT/SOIL 
log Alam 0.13 -0.51** -0.33 -0.30 
log Alcry -0.03 -0.12 0.16 -0.58* 
log Altotal -0.07 -0.20 0.05 -0.23 
log Feam -0.47 -0.56** -0.47* -0.58* 
log Fecry -0.24 -0.50** -0.27 -0.66** 
log Fetotal -0.40 -0.61** -0.42* -0.79** 
log Mnam 0.03 0.01 0.13 -0.23 
log Casol 0.56* -0.39* -0.49** -0.02 
log Catotal 0.09 0.19 0.06 -0.16 
log Psol 0.28 0.01 0.00 -0.29 
log PE 0.18 0.26 0.21 -0.28 
log PbSOL -0.06 0.09 -0.29 -0.06 
log ZnSOL 0.48 0.01 -0.10 0.19 
CEC 0.35 0.08 0.30 -0.02 
BS -0.07 -0.25 -0.58** -0.49 
OC 0.42 -0.13 -0.16 -0.12 
DOC 0.46 -0.04 0.01 0.32 
solution pH -0.50 0.50** 0.30 0.06 
AsR -0.39 -0.02 0.00 -0.04 
log AsKD -0.20 -0.27 0.17 -0.18 
log AsK -0.15 0.39* -0.26 0.24 
Table key: Abbreviations: %AsSHOOT: The proportion of plant accrued As allocated in the shoot; sSHOOT/ROOT: 
Shoot to root As concentration ratio; AsPLANT/SOIL: Total plant to total soil As concentration ratio; AsE TF: The 
proportion of effective soil As accrued by wheat plants; AsSHOOT/SOIL: Shoot to total soil As concentration ratio; 
Xtotal: Total recoverable soil concentration; Xam: Amorphous oxides (0.2M NH4-oxalate buffer); Xcry: Crystalline 
oxides (0.2M NH4-oxalate + 0.2M ascorbic acid);; Xsol: Soil pore water/soluble concentrations; XE: Effective 
concentrations;OC: organic carbon; DOC: dissolved organic carbon;  CEC: cation exchange capacity;  
BS: base saturation; RAs: Xdgt / Xsol ; AsKd: Distribution coefficient of labile solid phase As pool (0.2 M NH4-oxalate 
(pH 3.25) -extractable-As / Assol); AsK: Rx / XKd, according to Zhang et al. (1998b). Probabilities: * p<0.05, ** 
p<0.01, *** p<0.001. 
 
4.4.6 Prediction of plant arsenic content: multiple linear regression 
Multiple linear regression was used for modelling the shoot As concentrations against soil As 
determination and soil properties. Models for predicting root As concentrations or total plant 
As content were not development due to strong non-linearity in their correlation with soil As 
extractions. Both untransformed and log-transformed shoot As concentrations were 
considered as dependent variables; because of the limited number of samples the assumption 
that residuals were normally distributed could not be confidently validated.  
Additionally, only a limited number of soil properties were selected for a possible pool of 
predictors; listed in Table 4.4.8, they represent the factors most likely to influence the uptake 
and the fate of As in soil. For simplicity, not all of soil As determinations were considered. 
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Instead, the soil As determinations used in development of separate linear models were: total 
soil As (AsTOTAL), RHIZO-extracted soil As (AsRHIZO), effective soil As (AsE), total soluble 
As (AsSOL) and total soil and effective As to P ratios (As/PTOTAL, As/PE) (Table 4.4.8). All the 
independent variables, with exception of CEC and pH, were log-transformed to normalise 
their distribution and reduce the influence of extreme values in the limited sample pool. 
Table 4.4.8. Dependent and independent variables considered in developing linear models for estimation 
of plant arsenic uptake using stepwise algorithms. 
Dependent variables AsSHOOT, logeAsSHOOT, AsPLANT 
Soil As AsTOTAL, AsRHIZO, AsE, AsSOL, As/PTOTAL, As/PE 
Independent variables 
Soil properties 
FeTOTAL, FeCRY, FeAM+CRY, AlTOTAL, AlCRY, AlAM+CRY, 
MnTOTAL, MnAM, MnO, PTOTAL, PRH, PE, PSOL, 
ZnTOTAL, ZnRH, ZnSOL, CEC, OC, pH,  CaTOTal, 
CaSOL  
Table key: Abbreviations: AsSHOOT: Shoot As concentrations; AsPLANT: Total plant As; Xtotal: Total recoverable soil 
concentration; Xam: Amorphous oxides (0.2M NH4-oxalate buffer); Xcry: Crystalline oxides (0.2M NH4-oxalate + 
0.2M ascorbic acid); XRHIZO: 0.01 M acetic, lactic, citric, malic and formic acid (molar ratio 4:2:1:1:1); XSOL: Soil 
pore water/soluble concentrations; OC: organic carbon; CEC: cation exchange capacity;  
 Corrected Akaike Information Criteria (AICc) were used for assessing the pool of developed 
models and for examining the applicability of further enlarging the number of predictors for 
each nested parameterization. The relative differences in AICc scores, calculated for each 
model based on the difference between its AICc value and that of the ‘best’ model (lowest 
AICc), were used in qualitatively ranking the models. Because of the limited number of soils 
below the EC50 threshold (n=15), models with a relative AICc difference greater than 10 were 
considered to have less empirical support. 
4.4.6.1 Shoot arsenic 
Collection of models for estimating the untransformed and log-transformed wheat shoot As 
concentrations is presented in Table 4.4.9 and Table 4.4.10 respectively. Overall the models 
of the untransformed shoot As provided a better fit of the observed data than the models of 
log-transformed shoot As concentrations. While the statistics are not directly comparable, the 
differences are observable between the plots in Figure 4.4.25 and Figure 4.4.26, the figures 
showing the model fitted versus the observed shoot levels for a select number of models from 
each table. While exhibiting a better fit in the lower range of observed shoot concentrations, 
the log-transformed models displayed a greater divergence and non-linear behaviour with 
increasing shoot As concentrations (Figure 4.4.26). In contrast, the fitted versus observed 
shoot As concentrations for the untransformed shoot As models were linear, and displayed 
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relatively constant variance throughout the range of observed shoot concentrations (Figure 
4.4.25). 
Parameterization of the shoot versus soil As linear relationships with soil properties resulted 
in improved fit of the shoot As concentrations, reflected visually in the differences between 
Figure 4.4.19-Figure 4.4.21 and Figure 4.4.25-Figure 4.4.26, and in the reduction of SE and 
AIC values with increasing model complexity, the latter more pronounced for models of 
untransformed shoot As. For models predicating the untransformed shoot As concentrations, 
the soil properties consistently found as significant were the available measures of soil Zn 
(soluble, RHIZO-extractable), P measures (total, soluble or effective), and soil pH, the last 
only found significant in models already containing P as a predictor (Table 4.4.9, Table 
4.4.10). Soil pH was not found as a significant predictor in linear models of log-transformed 
shoot As concentrations (Table 4.4.10). Labile Zn measures predominantly comprised the 
second significant model predictor, i.e. following soil As. Zinc measures were associated with 
a positive coefficient, while both P measures and soil pH had negative coefficients. 
Additionally, total soil Fe was found as a significant second predictor in some of the models, 
consistently appearing in models based on either the total soil As or the total soil As to P ratio, 
having a negative coefficient (Table 4.4.9, Table 4.4.10). 
As referred to earlier, models listed in Table 4.4.9 were more differentiated with respect to 
precision and likelihood than models in Table 4.4.10. For instance, the AICc values of three 
models in Table 4.4.9 were within 10 points of the ‘best’ model, with this selection of four 
models conservatively comprising the set with largest empirical support, having adjusted r2 
values of 0.95 to 0.97. With exception of one, Model 3, the models were comprised of four 
predictor variables (excluding the constant). All contained soluble Zn and the three models 
with four predictors contained soil pH. Three models contained total soil P as a predictor and 
one contained soluble P. The latter was based on soluble As concentrations. Two models, 
including the three predictor model, were based on RHIZO-extractable As. One of the four 
was based on the soil effective As to P ratio. 
In contrast to models of untransformed shoot As concentrations, eight models of transformed 
shoot As were characterised by AICc scores within a relative distance of 10 from the ‘best’ 
model in the list, the eight models having r2 values of 0.91 to 0.95. The number of predictors 
in those models ranged between 2 and 4, exclusive of the constant term.  Model 3, consisting 
of the effective soil As to P ratio and the soluble Zn concentrations represented the most 
parsimonious preference (ΔAICc=2.1). In terms of model prediction and parsimony, Model 3 
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was followed by Model 4, comprised of the total soil As/P ratio, total soil Fe and RHIZO-
extractable Zn, and Model 5, consisting of RHIZO-extractable As and Zn and total soil P. 
Models 1 and 2 possibly suffer from overfitting, as additional parameterization does not result 
in substantial support for the two models. 
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Table 4.4.9. A list of models for predicting wheat shoot arsenic concentrations (21-day), comprising nested models developed using six (AsTOTAL, AsRHIZO, AsE, AsSOL, 
As/PTOTAL, As/PE) different soil arsenic determinations. Full model equations are given, along with respective coefficient probabilities (star system) and respective 
coefficient standard errors. Summary statistics include number of predictors (k, inclusive on the constant term), adjusted coefficient of determination (r2), standard error 
(SE) and Akaike Information Criteria (AIC). All predictor variables, with exception of pH, were log-transformed. 
Number Model details  (Reponse = AsSHOOT) k R2 (adj) SE AICc ΔAICc 
1 AsSOL × 3.00***(0.2) + ZnSOL × 2.78***(0.3)  - PSOL × 4.49***(0.4) - pH × 4.44***(0.9) + 54.79 (6.4) 5 0.97 1.27 60.4 0.0 
2 AsRHIZO × 3.13***(0.3) + ZnSOL × 2.71*** (0.3) - PTOTAL × 9.37***(1.0) - pH × 2.42* (0.9) + 86.03***(9.2) 5 0.97 1.37 62.7 2.3 
3 AsRHIZO × 3.04***(0.3) + ZnSOL × 3.06***(0.3) -PTOTAL × 8.99*** (1.2) + 69.33***(8.4) 4 0.95 1.71 66.0 5.6 
4 As/PE × 2.93***(0.3) + ZnSOL × 2.75***(0.4) - PTOTAL × 5.17** (1.3) - pH × 3.74* (1.2) + 79.67***(11.9) 5 0.95 1.77 70.3 9.9 
5 As/PTOTAL × 4.42***(0.5) - FeTOTAL × 20.31*(6.9) + ZnSOL × 2.38***(0.5) - PTOTAL × 4.77*(1.5) + 121.20***(20.5) 5 0.94 1.91 72.6 12.2 
6 AsSOL × 2.59***(0.4) + ZnSOL × 3.35***(0.6) - PSOL × 4.00***(0.7) + 26.48***(5.7) 4 0.91 2.29 74.8 14.4 
7 AsE × 3.11***(0.4) + ZnSOL × 3.07***(0.6) - PE × 6.65***(1.2) - pH × 3.52*(1.4) + 71.73***(14.1) 5 0.93 2.1 75.4 15.0 
8 As/PE × 2.70***(0.4) + ZnSOL × 3.32***(0.5) - PTOTAL × 4.96*  (1.8) + 55.49***(12.1) 4 0.91 2.37 75.8 15.4 
9 AsE × 2.88***(0.4) + ZnSOL × 3.62***(0.6) - PE × 6.40**(1.5) + 50.39**(13.5) 4 0.89 2.54 77.9 17.5 
10 As/PTOTAL × 5.16***(0.6) - FeTOTAL × 29.73**(8.4) + ZnSOL × 1.35*(0.5) + 119.40**(27.6) 4 0.89 2.58 78.3 17.9 
11 As/PE × 3.11***(0.5) + ZnSOL × 2.57***(0.5) + 21.88***(1.8) 3 0.85 2.97 80.1 19.7 
12 As/PTOTAL × 5.89***(0.7) - FeTOTAL × 42.11***(8.8) + 160.43***(29.0) 3 0.83 3.22 82.5 22.0 
13 AsTOTAL × 5.90***(0.8) - FeTOTAL × 42.11***(9.2) - PTOTAL × 5.72*(2.0) + 159.15(33.2) 4 0.81 3.36 86.3 25.8 
14 AsE × 2.85***(0.6) + ZnSOL × 1.76*(0.7) - 7.41(4.2) 3 0.73 4.02 89.2 28.8 
15 AsRHIZO × 3.15***(0.7) + ZnSOL × 1.73*(0.7) + 5.53**(1.6) 3 0.72 4.1 89.7 29.3 
16 AsTOTAL × 5.32***(0.9) - FeTOTAL × 38.17**(-11.4) + 108.84**(35.1) 3 0.71 4.21 90.5 30.1 
17 AsSOL × 3.20***(0.6) - 7.53 (3.6) 2 0.64 4.67 91.7 31.2 
18 AsE × 3.43***(0.7) - 11.58*(4.6) 2 0.61 4.83 92.7 32.3 
19 AsRHIZO × 3.81***(0.8) + 3.98*(1.8) 2 0.61 4.86 92.8 32.4 
20 As/PTOTAL × 4.48**(1.1) + 22.45***(3.3) 2 0.54 5.26 95.2 34.8 
21 As/PE × 3.30**(0.8) + 21.78***(3.3) 2 0.52 5.35 95.8 35.3 
22 AsTOTAL × 4.14**(1.12) - 7.63 (4.9) 2 0.48 5.62 97.2 36.8 
Table key: Abbreviations: Consult Table 4.4.8 for explanation of variable abbreviations. Coefficient probabilities are given using the starred system: * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 4.4.25. Observed versus predicted wheat shoot arsenic concentrations for a select group of multiple 
linear models for predicting untransformed shoot As concentrations: Model 1 (Soluble As, Zn, & P, & 
pH), Model 6 (Soluble As, Zn & P), Model 2 (RHIZO-As, Soluble Zn, Total soil P, & pH), Model 3 
(RHIZO-As, Soluble Zn & total soil P), Model 11 (AsE/PE & Soluble Zn), and Model 12 (Total soil As and 
Fe). Solid line represents a 1:1 relationship. 
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Table 4.4.10. A list of models for predicting log-transformed wheat shoot arsenic concentrations (21-day), comprising nested models developed using six (AsTOTAL, AsRHIZO, 
AsE, AsSOL, As/PTOTAL, As/PE) different soil arsenic determinations. Full model equations are given, along with respective coefficient probabilities (star system) and 
respective coefficient standard errors. Summary statistics include number of predictors (k, inclusive on the constant term), adjusted coefficient of determination (r2), 
standard error (SE) and Akaike Information Criteria (AIC). All predictor variables, with exception of pH, were log-transformed. 
Number Model details  (Response = loge AsSHOOT) k R2 (adj) SE AICc ΔAICc 
1 As/PE  × 0.57***(0.0) + ZnSOL × 0.28***(0.0) - FeTOTAL × 1.78*(0.8) + 9.62**(2.5) 4 0.95 0.27 10.1 0.0 
2 AsRHIZO × 0.61***(0.0) + ZnSOL × 0.28***(0.1) - PTOTAL × 0.75***(0.2) - FeTOTAL × 1.68*(0.7) + 10.60**(2.4) 5 0.96 0.25 11.2 1.0 
3 As/PE  × 0.54***(0.0) + ZnSOL × 0.33***(0.0) + 3.85***(0.2) 3 0.93 0.31 12.2 2.1 
4 As/PTOTAL × 0.85***(0.1) - FeTOTAL × 4.62***(0.9) + ZnRH × 0.17*(0.1) + 18.39***(3.0) 4 0.94 0.29 12.6 2.5 
5 AsRHIZO × 0.57***(0.1) + ZnRH × 0.34***(0.1) - PTOTAL × 0.78**(0.2) + 5.37**(1.3) 4 0.93 0.3 13.7 3.6 
6 As/PTOTAL × 0.93***(0.1) - FeTOTAL × 5.63***(1.00) + 22.35***(3.2) 3 0.91 0.35 16.3 6.2 
7 AsSOL × 0.57***(0.0) - PTOTAL × 1.7***(0.3) + MnAM × 1.14***(0.2) + 12.24***(2.4) 4 0.92 0.33 16.9 6.8 
8 AsTOTAL × 0.83***(0.1) - FeTOTAL × 4.03**(1.1) - PTOTAL × 0.98**(0.2) + ZnSOL × 0.17*(0.1) + 18.06***(3.2) 5 0.93 0.3 17.1 7.0 
9 AsTOTAL × 0.94***(0.1) - FeTOTAL × 5.63***(1.0) - PTOTAL × 0.72**(0.2) + 20.85***(3.5) 4 0.91 0.35 18.7 8.6 
10 AsE × 0.62***(0.1) - FeTOTAL × 3.13*(1.1) + 7.90*(3.4) 3 0.87 0.42 21.4 11.3 
11 AsRHIZO × 0.57***(0.1) + ZnRH × 0.23*(0.1) + 0.22(0.3) 3 0.85 0.45 23.6 13.4 
12 AsTOTAL × 0.87***(0.1) - FeTOTAL × 5.13**(1.3) + 14.48**(4.0) 3 0.83 0.48 25.6 15.4 
13 AsE × 0.58***(0.1) - 1.82**(0.5) 2 0.80 0.53 26.2 16.1 
14 AsRHIZO × 0.64***(0.1) + 0.82**(0.2) 2 0.79 0.54 26.9 16.7 
15 AsSOL × 0.51***(0.1) - 0.99(0.5) 2 0.74 0.59 29.7 19.6 
16 As/PE  × 0.56***(0.1) + 3.83***(0.4) 2 0.69 0.65 32.5 22.4 
17 As/PTOTAL × 0.74***(0.1) + 3.90***(0.4) 2 0.68 0.66 33.1 23.0 
18 AsTOTAL × 0.71***(0.1) - 1.18(0.6) 2 0.64 0.7 34.7 24.6 
Table key: Abbreviations: Consult Table 4.4.8 for explanation of variable abbreviations. Coefficient probabilities are given using the starred system: * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 4.4.26. Observed versus predicted wheat shoot arsenic concentrations for a select group of multiple 
linear models for predicting loge transformed shoot As concentrations: Model 3 (AsE/PE & Soluble Zn),  
Model 1 (AsE/PE, Soluble Zn & Total soil Fe), Model 6  (Total soil As/P ratio & Fe), Model 4 (Total soil 
As/P ratio, total soil Fe & RHIZO-Zn), Model 5 (RHIZO-As, RHIZO-Zn & total soil P), and Model 12 
(Total soil As  & Fe). Solid line represents a 1:1 relationship. Solid line represents a 1:1 relationship.
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5 Discussion 
5.1 Sample Characterisation 
5.1.1 Pesticide impact at surveyed sheep dips sites and variation in 
soil properties 
A small survey of sheep dip and foot bath sites from Canterbury, Marlborough and Waikato 
regions of New Zealand revealed a highly variable soil As impact, with large differences in 
soil As levels occurring within and between sheep dip sites. Consistent with other sheep dip 
investigations, the range of As concentrations encountered in the soils surrounding the sheep 
dip structures varied from as low as the expected background concentrations to severe 
concentrations typically associated at mine-impacted sites (Environment Canterbury, 2003, 
Smith, 1998, McLaren et al., 1998). The distribution of As in soils surrounding the sheep 
dip/foot bath structures was highly spatially variable; it is inferred that severely impacted soils 
were limited, confined to areas immediately surrounding the troughs, spray and drainage pads, 
solution tanks and waste discharge points. However, the study did not seek to accurately 
characterise the distribution of As at sheep dip sites, sampling was instead targeted at 
achieving a wide range of soil As concentrations. In comparison, a wider spatial survey by 
Environment Canterbury (2003) showed As impact can extend distances of 10 to 5 m away 
from sheep dip troughs structures. 
As stated above, soil As impact was variable between the surveyed sheep dip sites, reflecting 
the use of different pesticides, different dipping procedures and site histories. For instance, the 
range of soil As content at the sampled sites varied from being constrained to background 
concentrations at a foot bath site in Canterbury to exhibiting orders of magnitude, such as in 
the samples received from the Waikato: varying between 25 and 8,140 mg/kg. While the 
range in As impact was expected, it meant that representative variability of soil properties at 
similar soil As levels was not achieved from a small survey, as the sites were either severely 
or modestly impacted by soil As. This was one of the limitations of the project, reflected in 
regression of dose-response curves for the bioassay data at individual sites. 
In addition to elevated As, soil Zn, Pb and Cu concentrations were also detected above the 
likely background levels; however their impact was less widespread than that of As. Copper 
was used as footrot fluid in the 1950s, however it was not popular due to high residues in 
wool and wool discolouration (Ministry for the Environment, 2006). Ministry for the 
Environment (2006) states that Zn based pesticides were also used in New Zealand sheep 
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dips, but to lesser extent than As. The less extensive use of Cu and Zn, relative to As, is 
reflected in the survey, with As being the dominant inorganic contaminant in all but two of 
the contaminated sites. At sites E and F, the latter of which was a foot bath site, the dominant 
inorganic contaminants were Zn and Cu respectively, implying that both should still be 
considered by preliminary contaminated site investigations. Therefore, where pesticide use 
history is unknown, inorganic pesticides such as Zn and Cu should be included in analyses of 
sheep dip soils. Elevated Pb concentrations were attributed to use of the lead arsenate 
herbicide in the sheep dips. When elevated, soil Pb concentrations were lower than that of As. 
Furthermore, soil Pb and As levels were not consistently correlated at individual sites, 
suggesting solitary or occasional use of lead arsenates at the dips. In addition to inorganic 
contaminants, organochlorine pesticides were detected in all of the 9 samples analysed from 
Marlborough sheep dip sites.  
From the above, it is clear that sheep dip sites present a complex contaminant picture, similar 
to that of orchard sites. As the current understanding of As’s fate in the soil environment and 
its availability to plants is predominantly based on experiments based on pure systems treated 
with As, the effect of co-contaminants, characteristic of real contaminated sites, is largely 
unknown. This limitation has been recognised, and exploration of soil processes in co-
contaminant environments has recently been initiated and shown as relevant (Gräfe et al., 
2004, Grafe and Sparks, 2006). Furthermore, the potential for toxic interaction between cross-
contaminants was present in the current study, especially as the bioassay was carried out on 
biological endpoints. Therefore, even though the objectives of this study were primarily 
concerned with bioavailability of soil As, the original assumption that soils differed only in 
their As levels and their native soil properties could not be maintained. For instance, this 
project found that elevated Zn produced an influence on the plant growth and the plant 
distribution of As.  
Following discussion of the sample variance exhibited by As and other contaminants, it is 
pertinent to comment on the range of the important soil properties, in particular how 
representative are they of New Zealand soils. The soil samples were non-calcareous, and 
comprised silt loam, sandy loams, and loamy sand textures. Sheep dip sites sampled from 
Marlborough (Sites E, F, G & H) are all classified as Pallic soils according to the New 
Zealand Soil Classification, while the two sites from Canterbury (Site C & D) are classified as 
Recent soils (Hewitt, 1993). It is inferred that the samples formerly received from Waikato 
belong to Allophanic soils. The dataset exhibited a large range in soil P concentrations, with 
the Olsen extractable P ranging between 14 and 235 mg/kg. A number of soil properties were 
  184
compared against the relevant chemistry data available in the New Zealand Soil Database 
(Landcare Research, 2003), with conclusion that while the project dataset was in general 
characteristic of the variance exhibited by New Zealand soils, it was not well defined in terms 
of samples with high amorphous Al, Fe and Mn oxides.  
In addition to the pesticide contaminants, soil Sb levels were also detected at elevated 
concentrations, correlating strongly with soil As content. The presence of Sb was attributed to 
its likely trace presence in pesticide solutions due to its related geochemical properties. Craw 
(2007) observed a correlation between As and Sb in soils developing on historic mining 
wastes. Both As and Sb are metalloids belonging to the V group and both are highly 
chalcophilic, readily forming sulphide minerals (Kabata-Pendias and Pendias, 2000). 
Antimony can substitute for As in sulphide minerals, but in general it is not as abundant in 
rocks as As. Its concentration in sandstones has been reported as 0.05 mg/kg, with higher 
levels reported for mafic rocks, between 0.1 and 0.2 mg/kg (Kabata-Pendias and Pendias, 
2000). Like As, Sb is relatively immobile in soils; its background concentrations in the 
surface soils are commonly less than 4.0 mg/kg (Kabata-Pendias and Pendias, 2000). In 
comparison, for the sheep dip samples of this study the Sb concentrations ranged between 1.1 
and 19 mg/kg. The correlation between As and Sb was dependent on presence of other 
inorganic contaminants, indicating that As based pesticides were not the only source of Sb. 
5.1.2 Solid phase distribution of the soil arsenic 
Consistent with other studies of long-term contaminated soils the majority of soil As was 
associated with the Fe and Al oxide minerals, based on the partitioning of total soil As using 
an As specific sequential fractionation scheme (Wenzel et al., 2001, McLaren et al., 1998, 
Smith et al., 2008). In particular, on average 57 % of total soil As was associated with the 
NH4-oxalate extraction targeting amorphous Al/Fe oxides, exhibiting a range of 35 - 83 %. 
Using the fractionation scheme adopted by the current project, Smith et al. (2008) reported 
that between 13 and 83 % of total soil As was associated with amorphous Fe/Al oxides in 11 
long-term contaminated soils with different pollution histories. Similarly, on average 45 % of 
total soil As was extracted by NH4-oxalate in a group of samples collected from cattle dipping 
sites in Australia (McLaren et al., 1998). Smaller proportions of total As were released by the 
extraction targeting crystalline Fe/Al oxides, on average liberating 17 % of total soil As, and 
the pool of As considered as specifically adsorbed, on average releasing 11 %. On average, 
the non-specifically adsorbed As pool comprised less than 3 % of the total. Arsenic was 
generally partitioned uniformly across the dataset, consistent with the understanding that As 
almost exclusively reacts with surfaces of Fe/Al oxides, resulting in relatively small 
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proportions of total soil As remaining readily available (Jacobs et al., 1970b, Fordham and 
Norrish, 1979). 
The three samples with lowest soil As content (< 15 mg/kg) were associated with higher 
proportions of crystalline Fe/Al oxide and residual As pools. In addition, the three soils 
contained non-detectable concentrations of As in the non-specifically adsorbed fraction. It is 
therefore inferred that the native As is less kinetically labile than introduced As, even after 
considerable ageing. With the same fractionation procedure Tang et al. (2007) observed a 
shift in the distribution of soil As following spiking with As. In their study the native soil As 
was predominantly confined to pools associated with amorphous and crystalline Fe/Al oxides, 
and the residual fraction; the addition of As shifting to a dominance of the specifically 
adsorbed, and amorphous and crystalline Fe/Al oxide As pools (Tang et al., 2007). 
Soluble As concentrations were low when considered as a proportion of either the total soil 
As or the non-specifically adsorbed As, generally representing less than 1.4 % and 34 % of 
the total and the non-specifically adsorbed soil As respectively. As mentioned in the literature 
review, the range of soluble As concentrations in contaminated sites has not been extensively 
studied. The As concentrations in soil pore water ranged between 10 and 13,750 µg/l. In 
contrast, in a suction-cup survey of native and moderately contaminated soils Wenzel et al. 
(2002) reported substantially lower soil pore water As concentrations: citing the range as 1 - 
171 µg/l for soils with a total soil As between 1 and 3,000 mg/kg. It is possible that the 
intensive rewetting and drying cycles, and the potential plant-induced fluxes in P and organic 
acids experienced during the bioassay modified the immediate solubility of soil As. The soil 
pore water was collected relatively close to the completion of the bioassay. 
The proportion of non-specifically adsorbed As accounted by the soil pore water As decreased 
with increasing soil Fe oxides, and increased with increasing soluble P and increasing soil 
organic carbon. The correlations were weak, but statistically significant. The general trend of 
the relationships was consistent with the current understanding of As adsorption-desorption 
processes in soil. Arsenic is adsorbed with greater strength in soils with greater Fe oxide 
concentrations (Jacobs et al., 1970b). For example, the solid-labile phase As distribution 
coefficient was directly proportional to the level of amorphous Fe oxides in 27 long-term 
contaminated soils (Brouwere et al., 2004). Due to their chemical similarity phosphate 
competes with arsenate for sorption sites on mineral surfaces, and soil P fluxes can produce 
considerable displacement of adsorbed soil As (Darland and Inskeep, 1997, Peryea and 
Kammereck, 1997). In contrast to the relationship with total soil organic carbon, the 
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proportion of non-specifically adsorbed As accounted for in the soil pore water was not 
associated with the dissolved organic carbon. Furthermore, due to the correlation between soil 
carbon and soluble P, a direct influence of soil carbon on the solubility of As cannot be 
inferred. Huang et al. (2007) reported a positive correlation between the NaH2PO4-extractable 
As and soil organic carbon. However in the absence of previously reported associations 
between soluble As concentrations and soil organic carbon, it is considered that the observed 
correlation was influenced through a confounding effect of soluble P.  
Inner-sphere surface complexes have been inferred to be a dominant mechanism of As 
sorption in soils, based on spectroscopic studies of arsenate and arsenite adsorption onto Fe 
and Al oxide systems (Fendorf et al., 1997, Waychunas et al., 1993). In the current study, a 
positive and statistically significant correlation was observed between soil As and Fe 
determinations, the strongest log-log linear correlation exhibited by As and Fe extracted using 
the NH4-oxalate reagent, conceptually representing the amorphous and poorly crystalline 
minerals. The association increased in strength with increasing loading of soil As. While the 
association might be expected if soils were dosed with similar level of As, with the soil 
amorphous Fe oxide content effectively reflecting the soil’s capacity to adsorb As, this was 
not a valid explanation for sheep dip contaminated soils. Furthermore, at individual sheep dip 
sites the highest amorphous Fe concentrations corresponded with the highest soil As content. 
Given that amorphous oxides are commonly used as indices of soil development, the 
possibility for a large variation in amorphous Fe oxide concentrations within individual sheep 
dip sites seems improbable. Instead, it is proposed that a proportion of As is present as 
amorphous or poorly crystalline ferric arsenates, formed via surface precipitation. 
According to Selim and Zhang (2007) the spectrum in the relative dominance of surface 
precipitation and complexation is influenced by the surface coverage, surface bonding 
strength and the degree to which the precipitate is saturated in the solution at the mineral 
surface. Recent experiments on sorption of arsenate on ferrihydrite, using X-ray diffraction 
(XRD) and Fourier transformed infrared spectrometry (FTIR), across a range of external pH 
conditions (lower than normally considered) and at different coverage densities, reported that 
the nature of surface arsenate species was predominantly influenced by sorption pH (Jia et al., 
2006, Jia et al., 2007). Under acidic pH environments the authors observed ferric arsenate 
surface precipitates, even at understated conditions, while at neutral and alkaline pH levels the 
dominant mode of sorption was via bidentate binuclear surface complexes (Jia et al., 2006, Jia 
et al., 2007). Surface coverage did not influence the forms of adsorption. A proposed 
formation pathway for surface precipitations involves progressive ternary complexation of 
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released ferric ions with surface complexed arsenate species (Carlson et al., 2002). Based on 
their FTIR results Jia et al. (2007) suggested that both surface precipitation and complexation 
mechanisms occur in mildly acidic environments.  
Arai and Sparks (2002) observed changes in the surface structure of arsenate adsorbed to Al 
oxide with ageing using X-ray absorption near edge spectrometry (XANES), suggesting 
possible rearrangement of surface complexes. The authors also noted a commonly observed 
reduction in desorption with increasing residence time (Arai and Sparks, 2002). Other 
research has indicated that in muti-contaminant soil environments, the soluble metal 
contaminants can significantly influence the solid phase speciation of As through surface 
precipitation reactions (Gräfe et al., 2004, Grafe and Sparks, 2006). Zinc arsenate surface 
precipitates were detected using EXAFS in a co-adsorption experiment of arsenate and Zn on 
goethite under high surface densities (Gräfe et al., 2004).  
Soil surrounding roots of wetland plants growing in a riparian floodplain contaminated with 
As was locally enriched with As and Fe, with a large proportion of both released by the NH4-
oxalate reagent (Voegelin et al., 2007). Using XANES and extended X-ray fine structure 
(EXFAS) spectrometry, the authors concluded that arsenate was exclusively associated with 
the amorphous Fe oxides, not adsorbing to either Mn or Al oxides, with the spectroscopic data 
indicating a presence of inner-sphere complexes and ferric arsenate surface precipitates 
(Voegelin et al., 2007). With both Fe and Al present in soil pore waters, it is possible for 
surface precipitation to increase in prevalence as a sorption mechanism with increasing 
residence time. Subsequently, the observed association between As and amorphous and 
crystalline Fe oxides in sheep dip soils with high soil As loadings could indicate the As-
enhanced retardation of Fe in the surface of the soil profile. 
5.1.3 Application of the DGT technique to arsenic 
Under the conditions tested, both As and P confirmed to the principles of the DGT technique, 
displaying a constant concentration gradient across diffusion gels against both changing 
external concentrations and increasing exposure time. The DGT experiments carried out in 
controlled solutions allowed for estimation of As and P diffusion coefficients. The diffusion 
coefficient for As (4.49×10-6 cm2 s-1, 19-20 °C) was in agreement with the two recent 
experiments using the same procedure: Sogn et al. (2008) reported diffusion coefficients of 
4.4×10-6 and 4.2×10-6 under external pH level of 5.1 and 6.3 respectively, while Panther et al. 
(2008) reported a diffusion coefficient of 4.90×10-6 for arsenate. Using a diffusion cell 
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experiment at a temperature of 23°C, Fitz et al. (2003) measured an As diffusion coefficient 
of 5.9×10-6 cm2 s-1. The temperature dependence of As diffusion has not been evaluated. 
In contrast to As, the estimated P diffusion coefficient (4.26×10-6 cm2 s-1, 19-20 °C) was 
substantially lower than values previously published. For instance, Sogn et al. (2008) reported 
P diffusion coefficients of 7.8×10-6 and 7.2×10-6 for external pH levels of 5.1 and 6.3 based on 
DGT devices suspended in nutrient solutions. In contrast, the P diffusion coefficient was 
initially estimated at 6.05×10-6 based on a diffusion cell experiment at 25 °C (Zhang et al., 
1998a). With a correction for temperature dependence the P diffusion coefficient for 20 °C 
was given as 5.27×10-6. Therefore, even allowing for temperature differences the P diffusion 
coefficient was markedly inhibited in this project.  
It is possible that the differences in reported and published P, but also As, diffusion 
coefficients were partially due to simultaneous exposure of DGT devices to As and P in the 
nutrient solutions. Other studies evaluating diffusion coefficients have considered the two 
elements separately. It is possible that the estimated P diffusion coefficient was suppressed, 
relative to other studies, due to a competition from arsenate for the sorption sites on the 
ferrihydrite surface in the fixing gel, with As known to exhibit greater affinities for Fe oxides 
(Violante and Pigna, 2002). 
Regardless of the differences between the published and measured diffusion coefficients for 
the DGT device or the diffusion gel, they are consistently below the estimated diffusion 
coefficients for free ions in water (Li and Gregory, 2002). While neither arsenate nor 
phosphate should experience a physical resistance to diffusion within the DGT diffusion gels, 
Zhang et al. (1998a) has suggested that the reduced diffusion of phosphate through the 
diffusion gel was due to a build up of positive charge in the gel. This remains as a possible 
explanation for the higher discrepancy in the diffusion coefficients between water and DGT 
devices for As and P relative to metal cations (Zhang et al., 1998a, Zhang and Davison, 1995).  
All soils samples demonstrated a partial resupply of the soluble pore water As concentrations, 
with the ratios of DGT to soluble concentrations (AsR) generally below 40 %. The effective 
soil As concentrations were consistently higher than the soluble concentrations, signifying 
that solid phase pools contributed to the diffusive fluxes measured by the DGT device. 
Because only a single DGT exposure was carried out on the soil samples, the results could not 
be further interpreted using the 2D DIFS model. Thus the parameters characterising the 
resupply kinetics, being the response time and the distribution coefficient, could not be 
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estimated. However, a positive, statistically significant, correlation was observed between the 
AsR and the estimated soil labile-solid phase As distribution ratio. 
Soluble P concentrations exerted a negative influence on AsR. Because the association was 
not reciprocated between soluble As and PR, the association was unlikely due to As-P 
competition for sorption sites on the Fe oxide gel. The observed inverse association was more 
likely due to the displacement of labile solid phase As in soils with high soluble P content, 
producing high soluble As concentrations but exhausting the resupply pool (Manning and 
Goldberg, 1997b, Tao et al., 2006, Dixit and Hering, 2003). However this explanation 
assumes that fluxes in soluble P occurred following harvest of the above ground plant matter 
and prior to sampling of the soil pore water. Considered as a fraction of total soil As, the DGT 
As concentrations were negatively associated with the soil Fe content and positively 
associated with the soil pH, albeit the two variables explained small proportions of variance 
exhibited by AsDGT concentrations. The P DGT to soluble concentration ratio was directly 
associated with soil pH. The positive associations with soil pH are consistent with weaker 
surface complexation of As and P with increasing pH (Barrow, 1974, Violante and Pigna, 
2002). 
5.2 In vitro arsenic bioaccessibility 
5.2.1 Bioaccessible arsenic concentrations and their association 
with soil arsenic and its solid phase distribution 
Arsenic bioaccessibility (%) of sheep dip soils varied between 18 and 85 % with a mean value 
of 44 %, being overall consistent with values observed by other studies of herbicide and 
pesticide impacted soils (Juhasz et al., 2008, Pouschat and Zagury, 2006, Sarkar et al., 2007). 
While the absolute range was constrained within values reported in the literature, the lower 
limit of As bioaccessibility and the average bioaccessibility value were slightly higher than 
those reported elsewhere. Arsenic bioaccessibility, based on the SBET procedure, in 18 
herbicide impacted soils and 13 livestock dip impacted soils from Australia ranged between 6 
- 89 % and 9 - 89 % respectively, with average values being 35 % and 28 % respectively 
(Juhasz et al., 2007b). The total soil As contents of the sheep dip and herbicide impacted soils 
were between 39 and 3,601 mg/kg and 22 and 1,345 mg/kg respectively. In another study, the 
gastric in vitro bioaccessibility varied between 2 % and 76 % in 12 soils collected from cattle 
dipping sites in Florida, U.S.A., and Australia, with an average value being 35 % (Sarkar et 
al., 2007). The latter study was based on the IVG in vitro procedure, differing to the SBET 
procedure in the composition of the gastric solution, and having a higher gastric pH of 1.8. 
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The minimum values observed within this project were more consistent with a study by 
Pouschat and Zagury (2006), where the gastric bioaccessibility, as determined by the IVG 
procedure, of 12 soils impacted by leaching from CCA posts displayed a range between 20 - 
64 %, but still maintaining a lower average value of 36 %.  
The results of the study further substantiate the divergence in As bioaccessibility between 
different pollution sources, with relative bioaccessibility of As in pesticide/herbicide impacted 
soils being on average higher than that of mining soils and mining waste materials (Juhasz et 
al., 2007b, Palumbo-Roe and Klinck, 2007, Williams et al., 1998). Arsenic bioaccessibility 
varied between 5 and 36 % in 8 soils from historic mine tailing and smelter areas containing 
total soil As between 606 and 12,781 mg/kg  (Juhasz et al., 2007b). Similarly, in a survey of 
109 mine soil and tailing waste material samples from a mining area in England, containing 
total soil As between 249 and 204,500 mg/kg, the As bioaccessibility ranged between 0.5 - 42 
% for mine soils and 0.6 - 61 % for tailing wastes, with respective means of 16 and 10 % 
(Palumbo-Roe and Klinck, 2007). The differences in As bioaccessibility of mine impacted 
soils are generally attributed to mineralogical factors, influenced by the geology and also by 
the mining processes, with the in vitro bioaccessibility generally increasing with increasing 
oxidation of the sulphide As minerals (Juhasz et al., 2007b, Pouschat and Zagury, 2006). 
There were no observable differences in As bioaccessibility between the soils impacted by As 
and the few soils containing As near or within the likely background concentrations. Three 
soils - D6, S7, and C10 - contained As below 15 mg/kg and their bioaccessibility varied 
between 26 % and 52 %. This result is in contrast with bioaccessibility studies on soils with 
naturally elevated As (Juhasz et al., 2007b, Nathanail and Smith, 2007, Palumbo-Roe and 
Klinck, 2007), and studies evaluating the in vitro bioaccessibility in soils prior and following 
As amendment (Tang et al., 2007). Both groups of experiments have consistently shown that 
native soil As is less bioaccessible; the differences attributed to As mineralogy and the 
distribution of soil As. For instance, As bioaccessibility, as determined by the PBET test, 
varied between 6 and 12 % in soils naturally elevated with As, the total concentrations 
ranging between 59 and 172 mg/kg (Palumbo-Roe and Klinck, 2007). In a separate study of 
volcanic and slate soils naturally elevated in As, the PBET extractable As comprised less than 
5 % of total soil As in four samples containing As between 126 and 284 mg/kg (Nathanail and 
Smith, 2007). Similarly, As bioaccessibility of 11 soils forming naturally on sulphide rock 
varied between 1 and 22 %; their total As content ranged between 13 and 422 mg/kg, large 
proportion of which was associated  residual and crystalline Al/Fe oxides As pools (Juhasz et 
al., 2007b, Smith et al., 2008).   
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In comparison to soils naturally elevated in As, the proportion of total soil As bioaccessible in 
5 soils with low As (10 - 21 mg/kg) comprised less than 8  % in a study examining changes in 
soil As distribution and bioaccessibility following addition of As (Tang et al., 2007). The 
range in As bioaccessibility of the same 5 soils treated with As at a rate of 120 mg/kg and 
aged for 120 days was 9 - 42.3 %. While in our project the samples representing soils with 
little or no As impact did not exhibit a substantially lower As bioaccessibility compared to all 
the samples notably impacted by As, they were generally characterised by a lower As 
bioaccessibility relative to other samples from their respective sheep dip sites. Therefore, at 
site C the bioaccessibility of soil As increased with increasing soil As. This trend was less 
apparent at site S; the sample with the lowest As content exhibited the 2nd lowest As 
bioaccessibility.  
Despite exhibiting slightly higher values on average, it is pertinent to note that the proportion 
of total soil-borne As liberated by the bioaccessibility procedure never equalled 100 %. This 
is consistent with experiments of long-term anthropologically contaminated soils, as noted by 
the range of values cited for pesticide and herbicide impacted soils (Juhasz et al., 2008, 
Pouschat and Zagury, 2006, Sarkar et al., 2007). Furthermore, with bioaccessibility in three 
quarters of the 30 samples below 55 %, the assumption that As is 100 % bioavailable was not 
supported by the results of this project. However, higher bioaccessibility values have been 
observed in ageing experiments involving As-amended soils (Juhasz et al., 2008, Yang et al., 
2002). In general, where the temporal attenuation of the bioaccessible As is observed it 
displays an exponential decay, and while the attenuation rates are soil dependent, they 
generally exhibit a rapid reduction in the first two weeks and approach a pseudo-steady state 
between a month to a year (Fendorf et al., 2004, Juhasz et al., 2008, Tang et al., 2007, Yang et 
al., 2002). However, attenuation of bioaccessibility has not been observed in all samples over 
the periods of experimental consideration (Juhasz et al., 2008, Yang et al., 2002).  Therefore, 
given the discrepancy between experiments of naturally contaminated and spiked soils, it is 
possible that slower attenuation processes operate over the long-term periods, as supported by 
the studies of adsorption-desorption kinetics (O'Reilly et al., 2001, Zhang and Selim, 2005). 
In addition to its correspondence with total soil-borne As, experiments have considered how 
the in vitro extractable As and As bioaccessibility correspond to other soil As determinations 
(Fendorf et al., 2004, Juhasz et al., 2008, Sarkar et al., 2007, Smith et al., 2008, Tang et al., 
2007). Overwhelmingly studies have looked at how the bioaccessible As relates with the 
distribution of As in soil, the latter determined by the operational soil fractionation schemes 
(Smith et al., 2008, Tang et al., 2007). Due to ambiguity in terminology used in the literature, 
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it is often difficult to distinguish whether the relative bioaccessibility or the absolute 
bioaccessible concentrations were compared to different soil As extractions. Additionally, 
further uncertainty in comparison arises from the use of sequential extraction procedure 
schemes different to that specifically developed for As by Wenzel et al. (2001). 
In the current project the SBET bioaccessible As concentrations were significantly associated 
with all soil As determinations, with the measures of respective linear correlation improving if 
both the SBET extractable and soil As concentrations were log-transformed. While other 
studies have not commented on transformation of either the dependent or independent 
variables, both Juhasz et al. (2007b) and Sarkar et al. (2007) have reported significant 
correlation between the total soil As and the bioaccessible As concentrations. Experiments 
based on dosing a limited number of soils with fixed amounts of As have demonstrated large 
variation in bioaccessibility at similar soil As levels (Fendorf et al., 2004, Juhasz et al., 2008, 
Tang et al., 2007). For exmaple, allowing for the differences in the amount of added As 
adsorbed by the soils, the relative As bioaccessibility in 36 different soils spiked with 100 
mg/kg of As exhibited a large variance at relatively constant total soil concentrations, ranging 
from 3 to 38 % for soils initially adsorbing at least 90 % of added As (Yang et al., 2002). 
In this project the untransformed SBET bioaccessible concentrations were best associated 
with the hydroxylamine extractable As, followed by the As corresponding to the sum of soil 
As extracted by 0.05 M (NH4)2SO4 and 0.05 M NH4H2PO4, the first two steps of the 
sequential extraction procedure conceptually represented the non-specifically and specifically 
adsorbed soil As. Similarly, the first two fractions of a different fractionation scheme, 
representing the water-soluble and exchangeable As, correlated most strongly with the gastric 
in vitro bioaccessibility of 12 cattle dip contaminated soils (Sarkar et al., 2007).  
All the linear correlations between log-transformed soil As and log-transformed SBET 
extractable soil As were strong, with Pearson correlation coefficients ranging between 0.89, 
for the fraction of total soil As considered as residual, and 0.98 for total soil As and Olsen 
extractable soil As. Out of all the sequential fractions, the fraction representing the As 
associated with amorphous Al/Fe oxides was best associated with the bioaccessible As 
content, exhibiting a Pearson correlation coefficient of 0.97, followed by non-specifically 
adsorbed As, the latter correlation characterised by a Pearson correlation coefficient of 0.94. 
Smith et al. (2008) reported that the SBET extractable As concentrations of 12 long-term 
contaminated soils were most favorably associated with the NH4-oxalate extractable As 
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content (r2=0.97, variables untransformed), representing the soil As associated with the 
amorphous Al/Fe oxides.   
The SBET extractable As concentrations were higher than the sum of the non-specifically and 
specifically adsorbed As, but lower than the sumo of the first three sequential fractions; the 
third fraction being the NH4-oxalate extractable As, representing As associated with 
amorphous Al/Fe oxides. Juhazz et al. (2007b) reported that the pseudo-steady state 
bioaccessibility (12 months) of two different As-amended soils corresponded approximately 
to the proportion of total soil As contained in the fractions associated with the sum of non-
specifically and specifically adsorbed As, as determined by the Wenzel et al. (2001) 
fractionation procedure. Similarly, the pseudo-state As bioaccessibility (3 months) of five 
different soils spiked with 120 mg/kg was significantly correlated with the sum of non-
specifically and specifically adsorbed As, as determined by the Wenzel et al. (2001) 
fractionation procedure (Tang et al., 2007). The bioaccessible As was greater than the 
concentration released by 0.05 M (NH4)2SO4 alone, but less than that released by both 0.05 M 
(NH4)2SO4 and 0.05 M NH4H2PO4. In contrast, examining the distribution of soil As prior and 
following an SBET extraction procedure for 12 naturally contaminated soils, representing a 
subset of samples initially examined by Juhasz et al. (2007b),  Smith et al. (2008) found that 
the in vitro procedure extracted As from the non-specifically and specifically adsorbed 
phases, as well as from the pool conceptually associated with amorphous Al/Fe oxides.  
When the both the bioaccessible As concentrations and all the soil As determinations are 
expressed relative to the total soil As, the proportion of total soil As extracted by the 
hydroxylamine reagent and the proportion of As extracted by (NH4)2SO4 corresponded 
directly to the relative bioaccessible concentrations. As expected, the correspondence was not 
1:1. Pouschat and Zagury (2006) reported a positive association between the water-soluble As 
and the As bioaccessibility (%), but no association with the total soil As or the proportion of 
total soil As extracted by the hydroxylamine reagent. In an in vivo swine study, the 
hydroxylamine extractable soil As, but not water-extractable As, was reported as significantly 
correlated with the relative in vivo bioavailable As (Rodriguez et al., 2003). Both Fendorf et 
al. (2004) and Tang et al. (2007) observed correlations between the attenuation of As 
bioaccessibility and the reduction in the As fractions representing the weakly adsorbed pools.  
Conversely to its positive association with labile As, the relative As bioaccessibility was 
negatively associated with the proportion of soil As liberated by NH4-oxalate + ascorbic acid 
extraction, representing As associated with the crystalline Al/Fe oxides. This in agreement 
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with an observation by Smith et al. (2008) that the pool of soil As associated with the 
crystalline Al/Fe oxides was not significantly released by the in vitro procedure for 12 
naturally contaminated soils. Smith et al. (2008) also found that the residual As phase was 
also relatively safe from the in vitro procedure. While out of all the soil As determinations 
completed by the present study, the residual As concentrations displayed the weakest 
correlation with the bioaccessible As concentrations, As bioaccessibility (%) was not 
significantly influenced by the proportion of soil As in the residual fraction.  
5.2.2 Influence of soil properties on arsenic bioaccessibility 
The percentage of total soil As released by the in vitro procedure exhibited significant but 
weak (r2 < 0.4) negative correlations with Al and Fe crystalline oxides, Mn oxides and total 
soil Al, Fe and Mn contents. The negative relationships are consistent with the As retention-
release mechanisms, as Fe oxides, and to a lesser extent Al and Mn oxides, display strong 
affinity for soil As. Experiments have shown that arsenate and arsenite form strong inner 
sphere complexes on the surfaces of Al and Fe oxides and hydroxides, demonstrating strongly 
hysteretic adsorption-desorption behaviour (Zhang and Selim, 2008b). Correlation between 
soil As bioaccessibility and soil Mn oxide content has not been reported by the limited 
number of studies characterising the Mn oxide soil content (Tang et al., 2007, Yang et al., 
2002). The two experiments that characterised soil Mn oxides were based on soils artificially 
treated with As, using a maximal ageing period of 6 months (Tang et al., 2007, Yang et al., 
2002). While capable of participating in As adsorption, Mn oxides have received more 
attention for their role in the heterogeneous oxidation of arsenite to arsenate (Scott and 
Morgan, 1995, Sun et al., 1999). In this project both the oxide and total soil Mn and Fe 
determinations were found as significant predictors in multiple linear models of both the 
bioaccessible As content and the relative As bioaccessibility. 
Apart from a weak positive association with BS and hydroxylamine-extractable As, As 
bioaccessibility (%) did not exhibit any other statistically significant positive correlations with 
soil properties. However, soil pH was found as a significant predictor in the development of 
multiple linear regression models for the estimation of both the bioaccessible As and the 
relative As bioaccessibility. Both Tang et al. (2007) and Yang et al. (2002) found soil pH as a 
dominant influence on As bioaccessibility in freshly spiked soils. In a multiple linear model 
developed by Sarkar et al. (2007) for prediction of the in vitro As bioaccessibility, soil pH 
was found to exert a negative influence.  
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However, it is difficult to directly isolate the influence of a singular independent variable in 
model containing two or more predictors; for instance, in the model developed by Sarkar et al. 
(2007), soil pH may mediate the association between the As bioaccessibility and other 
predictors variables, more specifically total soil Mg and Ca, electron conductivity and soil P 
status, as opposed to directly controlling the bioaccessibility of As. Adsorption of arsenate, 
the dominant form of As in aerobic soils, on Fe/Al oxides/hydroxides and phyllosilicate clays 
displays a pH dependent behaviour, related to the surface charge pH-dependency of the 
respective mineral (Manning and Goldberg, 1997b, Quaghebeur et al., 2005). Quaghebeur et 
al. (2005) reported that a considerably higher proportion of initially adsorbed As was released 
from kaolinite at higher pH, with 60% desorbed at pH 8.5 compared to 37 % desorbed at pH 
6.4. According to the developed linear models, and consistent with the As adsorption 
behaviour, greater proportion of soil As is released by the in vitro procedure in soils with a 
higher soil pH.  
Out of all the Fe and Al soil determinations, the relative As bioaccessibility was most closely 
associated with the fractions representing the crystalline oxides (NH4-oxalate + ascorbic acid 
extractable Al and Fe). This is consistent with the previously mentioned negative association 
between the proportion of total soil As associated with the crystalline Fe/Al oxide and As 
bioaccessibility, and the findings by Smith et al. (2008): that the in vitro procedure did not 
substantially liberate As associated with the this fraction. However, commenting on the 
preference in literature for the dithionate-citrate-bicarbonate extraction for characterising the 
Fe oxides, Smith et al. (2008) reflect that the amorphous Fe content would be a more 
appropriate determination of Fe and Al oxides, given the solubilisation of the amorphous and 
poorly crystalline Al/Fe oxides by the SBET in vitro procedure. The results of this project, 
however, disagree with that hypothesis, suggesting instead that crystalline Fe/Al oxides exert 
a greater influence on As bioaccessibility. 
Furthermore, the SBET extractable As and Fe concentrations were positively associated in 
samples with high As loadings, the latter approximately representing soils with total As 
content above 600-700 mg/kg. The SBET extractable Fe concentrations were directly 
associated with the amorphous proportion of soil Fe oxides. Therefore, given that As is 
predominantly associated with amorphous and crystalline Fe oxides in the soil, the relative 
size of crystalline Fe oxides would exert a greater control on As bioaccessibility. In a separate 
study, differences in As bioaccessibility between a group of mine impacted and a group of 
soil with naturally elevated As were preliminarily attributed to differences in crystallinity of 
soil Fe oxides (Palumbo-Roe and Klinck, 2007). 
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The observed nature of correlations between bioaccessibility and soil properties is consistent 
with other experiments of long-term pesticide/herbicide contaminated soils; with studies in 
general observing weak and insignificant associations between the in vitro As bioaccessibility 
(%) and soil properties (Juhasz et al., 2007b, Pouschat and Zagury, 2006, Sarkar et al., 2007). 
For samples from pesticide and herbicide impacted soils, Juhasz et al. (2007b) observed a 
general positive trend between As bioaccessibility and soil pH, and a negative trend between 
As bioaccessibility and soil Fe oxide content. While the associations were not statistically 
significant, the total soil or dithionate-citrate-bicarbonate (DCB) extractable Fe oxide content, 
the latter conceptually representing the sum of amorphous and crystalline Fe oxides, were 
found by Juhasz et al. (2007b) as significant predictors of the bioaccessible As concentrations. 
The formulation of the best two-parameter model was comparable between this project and 
Juhasz et al. (2007b), both models comprising total soil As and a measure of soil Fe, with the 
bioaccessibility at a fixed total soil As being lower at a higher soil Fe oxide content. 
In contrast to studies of long-term contaminated soils, experiments based on soils spiked with 
As have inferred that soil properties exert strong control on As bioaccessibility (Fendorf et al., 
2004, Juhasz et al., 2008, Tang et al., 2007, Yang et al., 2002). Generally, experiments 
considering the changes in bioaccessibility between two contrasting soils, as observed with 
increasing time following As treatment, have attributed both the rate and the degree of 
bioaccessibility attenuation to the differences in soil Fe content (Fendorf et al., 2004, Juhasz 
et al., 2008). Similarly, experiments with larger sample pools have also shown that soil 
properties influence the rate of attenuation and the pseudo-steady state bioaccessibility (Tang 
et al., 2007, Yang et al., 2002). Both Tang et al. (2007) and Yang et al. (2002) found that the 
pseudo steady-state bioaccessibility was directly associated with soil pH and inversely 
associated with the Fe oxide content. 
The discrepancy in the role of soil properties between these two different study groups may be 
an artifice of experimental design as opposed to the role of long-term ageing. A singular As 
treatment rate was used by all the spiked experiments, and even allowing for differences in 
the adsorption of As initially applied, the variance of the final total soil As levels would have 
been minor (Yang et al., 2002). Therefore, studies have unintentionally assumed that 
bioaccessibility remains constant with varying As loading. In contrast, the experiments of 
long-term contaminated soils, inclusive of this project, commonly exhibit a larger variance in 
total soil As content than that of the relevant soil properties. Thus, when considering the 
bioaccessibility of both native (original) and As treated soils, Tang et al. (2007) found that it 
was best predicted by combination of total soil As content and soil pH. In contrast, when 
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considering only the As-amended results, soil pH was the only significant predictor of 
bioaccessibility (Tang et al., 2007).   
The influence of soil As concentration on the association between soil properties and As 
bioaccessibility was also observed by this study; producing a substantial effect on the 
relationship between As bioaccessibility and soil Fe determinations in particular. It is inferred 
that the inverse association between soil Fe content and As bioaccessibility is diminished with 
increasing soil As concentration. By multiplying the crystalline Fe oxide concentrations by 
the inverse logarithm of total soil As, a secondary variable was produced. Out of all the 
singular variables the transformed Fe oxide variable exhibited the strongest association with 
the relative As bioaccessibility (r2 = 0.52). Additionally, in linear model development total 
soil As was found to be a significant predictor for estimation of As bioaccessibility. For 
instance, crystalline Fe oxides and total soil As represented the most favourable two predictor 
model of relative As bioaccessibility.  Because it was consistently found to be a significant 
predictor in models consisting of Fe or Mn oxides as initial predictors, it can be interpreted 
that at a constant metal oxide content soil As exerted a positive influence of As 
bioaccessibility.  
A number of possibilities exist for the apparent influence of soil As on its in vitro 
bioaccessibility. Foremost, the increase in bioaccessibility with increasing soil As content 
could be an analogue for the saturation-dependent behaviour of As soil adsorption, with the 
strength of adsorption decreasing with increasing As loading (Zhang and Selim, 2005). The 
increasing bioaccessibility of As-treated ferrihydrite with increasing As loading, observed by 
Beak et al. (2006), provides some support for the results of our project. Beak et al. (2006) 
reported that the in vitro extractable concentrations of As amended ferrihydrite were recorded 
above the detection limit only when the As loading approached near to or above the surface 
loading maxima of the ferrihydrite.  
Alternatively, the soil As correction may isolate the confounding influence of the positive 
association between the soil As and soil Fe concentrations, observed for samples grossly 
impacted by As. As the bioaccessible As concentrations were also positively associated with 
the all the determination of soil Fe, it is possible that inclusion of soil As serves as an 
adjustment for the confounding interaction. Finally, as previously suggested during the 
discussion of the observed positive correlation between the soil As and amorphous Fe oxide 
contents, surface precipitation of ferric arsenates on mineral surfaces may increase in 
prevalence as a sorption mechanisms in the grossly impacted soils. If present, it is likely that 
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the amorphous and poorly crystalline Fe-based As solid phases will exhibit a differential 
solubility during the in vitro procedure. Similarly to the initial proposal, this explanation is 
also based on sorption behaviour. It is suggested, in the absence of a similar influence in soils 
grossly impacted by mining activities, that the inclusion of soil As as a control on 
bioaccessibility is linked through the kinetic and saturation dependencies of As adsorption.  
5.2.3 Modelling and validation 
Linear models developed using least-squares multiple regression procedure were able to 
explain large proportions of the variation exhibited by both the SBET extractable As 
concentrations and the relative As bioaccessibility (%). Due to its strong association with 
other soil As determinations, the estimation of the SBET extractable soil As concentrations 
was more successful (r2 > 0.96) than the estimation of the relative bioaccessibility. Soil 
properties consistently found as significant predictors for estimation of both the relative 
bioaccessibility and the bioaccessible content were amorphous Mn oxides and total soil Mn, 
the crystalline Fe oxides, the sum of amorphous and crystalline Fe oxides, total soil Fe, and 
soil pH.  
In prediction of bioaccessible As content, soil Fe determinations were found as the best 
second independent predictor variable subsequent to total soil As content, improving the 
coefficient of determination from 0.969 to 0.985. This is consistent with the model 
development by  Juhasz et al. (2007b), where for a dataset of 60 soil samples, the total soil As 
and either the total or the DCB-extractable soil Fe content were found as significant 
independent variables (r2 > 0.96) for prediction of the SBET extractable As concentrations. 
As opposed to the Juhasz et al. (2007b) study, both the independent and dependent variables 
of this project were log-transformed to meet the assumption of the least-squares regression. 
Furthermore, the crystalline Fe oxide was found as a more favourable second independent 
variable over DCB-extractable Fe. Apart from Juhasz et al. (2007b), no other methods for 
prediction of the SBET extractable As have been published.  
In prediction of As bioaccessible concentrations, inclusion of additional independent variables 
further to soil As and Fe determinations did not yield major improvement in fit. For instance, 
the coefficient of determination of a model comprising total soil As, Fe and Mn, and soil pH 
was 0.991, while that of a model comprising of total soil As and crystalline Fe was 0.985. 
Similarly, removal of the three soils containing As at or near background concentrations did 
not lead to substantially different model accuracy or large changes of the coefficient terms. 
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However, the coefficient associated with soil pH became more statistically significant if the 
samples with low soil As were isolated. 
In comparison with models developed for prediction of the bioaccessible soil As content, 
wherein the addition of terms subsequent to soil As and Fe oxide determination did not lead to 
large increases in the model prediction, addition of soil Mn determinations and soil pH 
variables to a model of bioaccessibility consisting of soil As and Fe determinations increased 
the coefficient of determination from 0.59 to 0.76. However, increasing model complexity 
improved the fitted values of samples with relatively higher bioaccessibility; the reduction of 
variability between fitted and the observed values for the majority of samples with As 
bioaccessibility less than 40 % being less noticeable. The model formulation was consistent 
with a model developed by Yang et al. (2002), the latter consisting of soil pH and DCB-
extractable Fe and explaining 74 % of the variability in As bioaccessibility for 36 As amended 
soils. As referred to earlier, the inclusion of total soil As and Mn oxides were the 
dissimilarities between model development of this project and the model of Yang et al (2002). 
In a separate study 85% of the variability in As bioaccessibility was explained by a linear 
combination of pH, electric conductivity, total P, total Ca and Mg concentrations, and soil 
clay content (Sarkar et al., 2007). While soil pH enacted an opposite influence to that found 
by our project, the other variables found as significant by Sarkar et al. (2007) were not 
discovered as influential. 
The bioaccessibility model accuracies improved if the soil samples at or near the As 
background concentrations - D6, S7 and C10 - were removed. For models developed using 
the entire datasets two of the samples, being D6 and S7, consistently exhibited a large 
influence on the regression. The removal of the three low As soils increased the coefficient of 
determination from 0.76 to 0.86 for a four predictor model of As bioaccessibility. However, 
there were no big differences in parameter coefficients between the models developed for the 
subset and those developed for the entire dataset. 
The largest limitation on development and interpretation of multiple linear regression models 
was the size of the dataset, followed by the range of soil properties within the dataset. 
Therefore, inclusion of Fe oxides, pH and soil As in estimation of As bioaccessibility can be 
defended based on their established role on the soil As retention-release dynamics, as well as 
the prior detection of their influence in other bioaccessibility experiments. In contrast Mn 
oxides have not previously been linked to As bioaccessibility, and therefore their potential 
influence would require further investigation using a more comprehensive dataset. 
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Furthermore, the dissolution of soil As by the in vitro extraction may be affected by the co-
presence of metal contamination in some of the samples (Gräfe et al., 2004, Gräfe and Sparks, 
2005). Gräfe et al. (2004) observed higher adsorption of As on goethite in the presence of co-
adsorbing Zn, with extended X-ray absorption fine structure (EXAFS) spectroscopic analysis 
demonstrating the formation of As-Zn precipitates at high goethite surface loading. Therefore, 
in soils with high Zn, but also Pb and Cu, the co-sorption of As and metal contaminants onto 
soil oxide surfaces, and the presence of metal-As precipitates may affect the dissolution of As 
during the in vitro procedures. 
The developed models were cross-validated against the experiments of Juhasz et al. (2007b) 
and Yang et al. (2002), examining the effectiveness of models yielded by our dataset to 
predict the in vitro bioaccessibility observed within the two studies, and vice-versa, 
examining the effectiveness of the external models to fit the in vitro bioaccessibility observed 
within this project. Because the most favourable models developed by the current study were 
based on soil properties not characterised by external studies, a set of further models was 
developed based on soil properties shared by the two experiments included in the validation - 
the sum of amorphous and crystalline Fe and soil pH - and based on different data subsets 
approximately representing the range in total As levels of the original studies. Therefore, the 
models were not representative of the best predictor models. Additionally, both the Fe oxides 
and soil pH were determined using a different analytical method between this project and the 
two other experiments. 
The observed differences in As bioaccessibility were in general qualitatively predicted by the 
models presented in Juhasz et al. (2007b) and Yang et al. (2002) publications. The root mean 
squared errors (RMSE) for the two models presented by Juhasz et al. (2007b), one developed 
using an entire dataset of that study, the other presenting a model developed for a subset of 
soils containing As at less than 100 m/kg, were 27.1 % and 20.4 % respectively. Both models 
were developed for prediction of the bioaccessible As content using total soil As and either 
the total soil or DCB-extractable Fe. The observed bioaccessibility values of this project were 
better predicted by the model presented within Yang et al. (2002), directly estimating the in 
vitro As bioaccessibility using soil pH and DCB-extractable Fe. The root-mean-squared error 
for prediction of the entire dataset of this project was 17.5 %. However the Yang et al. (2002) 
model  was even more successful if used to predict soil As bioaccessibility within the range of 
total soil As for which it was originally developed (< 100 mg As kg-1, n = 11), yielding a 
RMSE of 11.6 %. Predicting As bioaccessibility with an average error close to 10 % is 
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considered successful, suggesting that the Yang et al. (2002) model is suitable for quantitative 
screening of As in vitro bioaccessibility in soils with moderately low As levels. 
The above patterns in model accuracy were mirrored when validation was reversed, using the 
models developed on the sheep dip dataset to predict the independently observed in vitro 
bioaccessibility values, likely reflecting the similarities in model formulations. Therefore a 
model developed using the entire dataset, comprising total soil As and the sum of amorphous 
and crystalline Fe, qualitatively predicted the As in vitro bioaccessibility reported within 
Juhasz et al. (2007b) and Yang et al. (2002) with respective root mean squared errors of 26.0 
% and 23.7 %.  Arsenic bioaccessibility of samples presented in Juhasz et al. (2007b) was 
best predicted by a model developed using soils containing As below 600 mg/kg, yielding a 
RMSE value of 22.3 %. In comparison, the best prediction of the Yang et al. (2002) 
bioaccessibility data was achieved by a model based on total soil As, sum of amorphous and 
crystalline Fe oxides, and soil pH, developed using only soils with As content between 15 
mg/kg and 600 mg/kg; the respective RMSE value was 12.6 %. The 600 mg/kg limit was 
chosen to isolate soils not grossly impacted by As, best representing the range used by Yang 
et al. (2002). The Juhasz et al. (2007b) data was overestimated by all the models containing 
soil pH as an independent variable, possibly related to differences in soil pH determination.  
The qualitative agreement between the assessed models in predicting the observed As in vitro 
bioaccessibility supports the hypothesis that As bioaccessibility is controlled by soil 
properties. The discrepancies in soil analyses and in vitro procedures used by the three 
experiments, and differences in sources of soil As, are likely to affect the predictive 
agreements of the three studies considered. Studies comparing the in vitro bioaccessibility 
against the in vivo bioavailability using the swine model have consistently reported good 
agreement between the two measures (Juhasz et al., 2007a, Rodriguez and Basta, 1999). 
However, in a limited number of studies comparing the in vitro bioaccessibility 
determinations against in vivo bioavailability in primate species, there has been less support 
for the in vitro extraction procedures, with the primate in vivo bioavailability consistently 
overestimated by in vitro extraction procedures (Roberts et al., 2007, Yang et al., 2005). Until 
more comprehensive evaluation of in vivo and in vitro data is undertaken, the soil As 
bioaccessibility models based on readily-available soil properties represent another screening 
tool in site-assessment. 
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5.3 Arsenic phytotoxicity 
5.3.1 Arsenic toxicity 
Arsenic toxicity in wheat plants was observed with increasing soil As concentration, 
manifested both in visual symptoms and through suppression of shoot and root biomass. 
Visually, the onset of toxicity was pronounced as discoloration of leaves along their margins, 
with further As stress inducing chlorosis and eventually necrosis of leaves. Elevated soil Cu 
was responsible for severe suppression of growth in a single sample. Additionally, growth 
differences in soils from a singe site (Site E) were attributed to elevated Zn levels through 
strong dependence of the ecological endpoints on soil Zn levels. The endpoints were 
independent of soil As levels at this site. There was an indication that soil Pb also exhibited a 
cumulative inhibitory effect on wheat growth. Because As was the dominant contaminant in 
the samples with elevated Pb concentrations, soil Pb concentrations were not directly related 
to plant growth; instead Pb appeared to produce a contributory adverse effect on plant growth 
at higher concentrations (> 150-200 mg/kg). In a study of orchard soils contaminated by Pb 
arsenates, Vandecaveye et al. (1936) concluded that the observed reduction in plant 
productivity was due to soil As levels, with Pb possibly contributing an influence at soil 
concentrations above 250 mg/kg.  
Shoot biomass was the most consistent ecological endpoint in the 21 day bioassay trial of soil 
As toxicity with wheat as the indicator species, followed by root biomass. Germination 
success rate, the third ecological endpoint considered, was not associated with soil As 
determinations at the 95 % confidence interval. Based on significant correlations between 
germination and As independent soil properties, such as soluble Fe, Na and P, it was inferred 
that its sensitivity to factors other than As levels makes the germination success rate 
unsuitable as an ecological endpoint. Carrow et al. (1975) also reported that germination of 
four turf grass species was not affected by addition of As, while their growth was inhibited 
with increasing treatment rates. A similar conclusion was reached by Liu et al. (2005a): while 
observing a statistically significant correlation between germination rate and As treatments 
the authors reported that in relation to the above ground and below ground biomass measures, 
the germination success rate was inferior as an indicator of As toxicity.  
While statistically significant, the correspondence between the shoot and root biomass 
exhibited significant variability. The relationship between the root biomass and soil As was 
not suitable for determination of dose-response equations. The disparities between shoot and 
root biomass measures were reflected in the inconstant shoot versus root biomass 
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relationships between different sheep dip sites. In particular, the shoot/root biomass ratios for 
samples from site E were lower than at the other sites, suggesting that root biomass exhibited 
greater sensitivity than shoot biomass. It is possible that Zn contamination at site E was 
preferentially manifested in roots.  
No significant stimulatory effect of As was observed on shoot biomass. The low toxicity 
range was not well characterised by the sample dataset. Due to the unsuitability of root 
biomass, dose-response relationships were not considered, and therefore presence of a 
stimulatory effect was not determined. However, an increase in root biomass with increasing 
root As concentration was observed for the initial range of root As concentrations, with a 
maximum root biomass corresponding to root concentrations of approximately 4 mg/kg. 
Stewart and Smith (1921) observed a visual stimulation in wheat plants grown in a 25 mg/kg 
As treatment. Similarly, root length, root weight and stem weight of tomato plants increased 
compared to that of control in soil amended with 15 mg/kg of As, whereas the stimulatory 
effect was not observed on leaf weight and length measures (Miteva, 2002). The mechanism 
responsible for the stimulatory effect or low As is unknown; so far observed only in As 
dosing experiments, it has been suggested that the growth stimulation is an indirect effect of 
higher P availability induced under low As treatments.  
The total soil As concentration reducing the wheat shoot biomass by 50 % (EC50) exhibited a 
considerable variation, its 95 % confidence interval ranging between 206 and 828 mg/kg. The 
shoot biomass was more closely related to determinations of labile soil As. For example, the 
EC50 concentration based on the sum of non-specifically and specifically adsorbed As 
exhibited a 95 % confidence interval between 27 and 70 mg/kg. However, in contrast to 
determinations based on weak extractions, for estimations of the most immediately available 
As, being soluble and effective soil As, the association with plant response was not improved 
in comparison with that exhibited by total soil As. The generally closer correlation with less 
aggressive reagents and phytotoxicity has consistently been observed in experiments 
considering soils with varying soil properties (Song et al., 2006, Woolson et al., 1971a, 
Woolson et al., 1971b). For 16 different European soils spiked with As the range in EC50 
concentrations for total soil As and the sum of specifically and non-specifically adsorbed soil 
As were 26.6 - 458.2 mg/kg and 17.2 - 242.7 mg/kg respectively (Song et al., 2006). 
Similarly, Olsen extractable As was superior to total soil As in predicting the response of corn 
grown on 29 orchard contaminated soils (Woolson et al., 1971b). 
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While the variation in total soil EC50 concentrations was substantial, attributed to differences 
in soil properties, the toxic concentrations tended to be higher than those reported in the 
literature (Song et al., 2006, Stewart and Smith, 1921). For example, the range of EC50 
concentrations based on total-soil borne As was higher in the current study than those 
reported by Song et al. (2006). In contrast, the EC50 concentrations based on the sum of non-
specifically and specifically adsorbed As levels were more consistent with the range reported 
by Song et al. (2006). Both ranges were cited in the previous paragraph. While 
acknowledging that the bioassay carried out by Song et al. (2006) used barley root elongation 
as an ecological endpoint and this project used the wheat shoot biomass, the two experiments 
also differed in the length of the As residence time. More specifically, the bioassay described 
in Song et al. (2006) was carried out after 7 days of incubation. Therefore, while not directly 
comparable, it is suggested that natural attenuation reduces the toxicity of total soil As.  
In an experiment examining the combined effects of Cu, Pb and As contamination, radish and 
silver beat plants were more sensitive to freshly spiked soils than to orchard contaminated 
soils (Merry et al., 1986). While growth response was not measured in the pot trial, the radish 
and the silver beat plants either failed to grow or suffered mortality after accumulating higher 
levels of As on dosed soils in relation to orchard soils at comparable levels of soil As (85 - 
120 mg/kg) (Merry et al., 1986). Similarly, the soil As content corresponding to a 47 % 
reduction in the growth of ryegrass was 469 mg/kg on a loam soil naturally contaminated by a 
Cu chromium As (CCA) spill (Yeates et al., 1994). In comparison a 50 % reduction of control 
ryegrass and barley yield was achieved between 50 and 250 mg/kg amendment rates in a 
sandy and a silt loam soil (Jiang and Singh, 1994). Similarly, the EC50 concentrations for 
ryegrass across four different soil types amended with As ranged between 136 - 232 mg/kg 
(Anderson et al., 2008).  
Decreasing plant sensitivity has been observed with increasing residence time of applied As, 
with the rate and extent of amelioration dependent on soil properties (Jiang and Singh, 1994, 
Song et al., 2006, Woolson et al., 1973). Song et al. (2006) reported that total soil As EC50 
concentrations for four soils increased by a factor of 2.0 to 3.5 with three months of ageing. 
Both non-specifically adsorbed and specifically adsorbed As concentrations decreased over 
the time period; however the authors reported that the EC50 concentrations determined using 
the two determinations also increased. In a separate study, the sensitivity of barley and 
ryegrass to As observed at a particular treatment rate decreased with increasing time, but with 
the rate of toxicity reduction lasting longer in a sandy soils in comparison to a silt loam (Jiang 
and Singh, 1994). Similarly, Woolson et al. (1973) reported that ageing had no effect on corn 
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yield on clay As amended soils, whereas corn growth improved with increasing time on the 
sandy soil.  
As stated, the ranges in phytotoxic concentrations determined in the current study are not 
directly comparable due to differences in both soil properties and plant species (Anderson et 
al., 2008, Woolson, 1973). Woolson (1973) observed a wide range in sensitivity to soil As 
between green beans, lima beans, spinach, radish, and tomato plants, with total soil As 
concentrations being a poor predictor of phytotoxicity relative to available As. Wheat has so 
far been an uncommon As toxicity indicator, and its relative toxicity has not been confidently 
established. A clay loam soil amended with 125 and 250 mg/kg of As corresponded with 
reduction in wheat biomass of 54 % and 20 % respectively, while in a sandy loam soil the 
control yield was reduced by 54 % in a 50 mg/kg As treatment (Hurd-Karrer, 1939). 
Reduction of wheat biomass by 50 % of the control occurred between 250 and 500 mg/kg As 
treatments in a silt loam soil (Stewart and Smith, 1921). In a different study, the lowest 
observed concentration causing toxicity in wheat was at a 40 mg/kg As treatment, with an 80 
% reduction in growth observed at 300 m/kg for a silt loam soil (Cao et al., 2007).  
In addition to natural attenuation and interspecies differences, the relatively high lower 95 % 
confidence interval in soil As EC50 concentrations could be due to the asymmetric influence 
of soils having low availability of soil As. This is because the parameter that is estimated 
represents the log transformed EC50. Its possible influence is reflected in the wider range of 
EC50 concentrations derived for different sheep dip sites, ranging between 19 and 76 mg/kg 
between different sites for the sum of specifically and non-specifically adsorbed As. The 
wider range may also be due to greater uncertainty associated with the limited number of 
samples per site. 
5.3.2 Influence of soil properties on phytotoxicity of soil arsenic 
While formerly the influence of soil properties on phytotoxicity of soil As has only been 
demonstrated qualitatively, most commonly in studies exploring toxicity between a few soil 
types with contrasting textures, recently research has shifted towards quantitatively expressing 
toxicity as a function of soil properties. Thus simple models for prediction of toxic 
concentrations have been derived, formulated by confidently characterising toxic 
concentrations on a large dataset of different soil types treated with As. In this study sheep dip 
sites were taken from units of soils with generally similar soil properties. While for most of 
the sites the range in soil As concentrations did not cover the entire toxicity range, the 
extrapolated effective toxic concentrations were closely related to the median Fe, Al and Mn 
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soil oxides contents for individual sheep dip sites, a result that is consistent with more 
methodical studies carried out on As-amended soils (Anderson et al., 2008, Song et al., 2006).  
The role of metal oxides in adsorbing arsenate and attenuating its resupply has been described 
in detail. Anderson et al. (2008) observed positive correspondence between the differences in 
EC20 and EC50 parameters and differences in soil Fe, Al and Mn oxide contents, clay 
fraction and soil organic carbon content, for five different soil types and three different plant 
species. Previously, Song et al. (2006) reported significant correlations between EC10 and 
EC50 fitted for 36 different soils and soil Fe and Mn oxide content, clay fraction, CEC and 
pH. Soil Mn oxides (oxalate extractable) and clay particle size fraction were most strongly 
associated with the two effective concentration terms, together with amorphous Fe oxides 
accounting for 91 % of variance exhibited by the EC50 parameter (Song et al., 2006). 
Anderson et al. (2008) formulated a single parameter model for estimating EC10 using first 
component loadings from a principle component analysis of influential soil properties, 
condensing the variance in the sum of amorphous Al, Mn and Fe oxides, soil clay fraction and 
organic carbon.  
Due to the sample size limitations at individual sheep dip sites, a novel method was developed 
for expressing the effective toxic concentrations as a function of soil properties in individual 
samples. This was accomplished by a simple parameterization of the dose-response function, 
expressing the logarithm of EC50 as a linear combination of soil properties. The data satisfied 
the assumption that the remaining parameter, the maximum response, was held relatively 
constant.  
Soil properties found as significant in causing a positive EC50 shift were Al, Fe and Mn oxide 
concentrations, the same factors identified as responsible for EC50 differences between the 
sheep dip sites. With further parameterization, soluble P concentrations and the organic 
carbon were found as secondary predictors in a model already containing Al or Fe oxides, 
both exerting a positive influence. Soil Al oxides, organic carbon content and labile soil P 
were not significantly associated with fitted EC20 and EC50 concentrations in the Song et al. 
(2006) study. Anderson et al. (2008) did not consider available soil P, but found positive 
correlations between EC20 and soil organic carbon and Al oxides. 
While the importance of Al and Fe oxides for As retention has been thoroughly described, the 
role of individual oxides in mediation of soil phytoavailability remains unresolvable due to 
common interdependence of soil oxides. Thus, consistent with Anderson et al. (2008), this 
project did could not distinguish between Al and Fe and Mn oxides in the estimation of 
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effective toxic concentrations. Addition of goethite to sand growth mediums alleviated the 
toxicity of As in corn plants, attributed to increasing P/As ratios in the solution from the 
preferential adsorption of As over P (Vetterlein et al., 2007). Woolson et al. (1971a) reported 
that 4 week corn yield was directly proportional to the soil reactive Al fraction in a set of 11 
As treated soils (670 mg/kg), with plant growth reportedly independent of soil Fe oxide 
levels. In contrast to Al oxides, the amorphous Mn oxide fraction has consistently featured in 
models for estimating the effective toxic concentrations for As (Anderson et al., 2008, Song et 
al., 2006).  
Manganese oxides play an important role in the heterogeneous oxidation of arsenite to 
arsenate (Oscarson et al., 1981, Scott and Morgan, 1995, Sun et al., 1999). It as been proposed 
that oxidation occurs via surface adsorption of arsenite on Mn oxides, followed by the 
electron transfer from AsIII to MnIV, and finally the release of AsIV and MnII into the solution, 
with the initial adsorption representing the limiting step. Furthermore, examining the reaction 
of arsenite with synthetic birnessite, Tournassat et al. (2002) observed the formation of 
crystalline MnII arsenate precipitates on the birnessite edges. Conversely, reduction of 
arsenate and active efflux of arsenite have been proposed as potential mechanisms of As 
tolerance in plants (Bienert et al., 2008, Xu et al., 2007). Rapid reduction of absorbed arsenate 
to arsenite, followed by efflux to the external medium has been reported in an arsenite 
amended nutrient solution experiment using rice and tomatoes (Xu et al., 2007). The fate of 
plant excluded arsenite has not been examined in the soil environment. While arsenite 
commonly exhibits greater uptake rates than arsenate, in wheat plants the arsenate and 
arsenite uptake kinetics are comparable (Liu et al., 2005a). 
The positive influence of soil organic carbon on the effective toxic concentrations is 
intuitively in opposition to the positive correlation between the soil organic carbon and the 
proportion of non-specifically adsorbed As accounted in the soil pore water. It is possible that 
soil organic carbon was found as a significant influence due to its correlation with soluble P 
levels and their positive effect on the EC50 parameter. However, as stated earlier, Anderson et 
al. (2008) observed a positive association between soil organic carbon and fitted EC20 values. 
Multivariate approaches, as recently adopted by (Anderson et al., 2008) may provide a 
favourable method of dealing with predictor interdependency. For instance, the EC50s 
predicted both by the linear models developed within the current project and by the linear 
model reported in Song et al. (2006) corresponded well to the EC50s fitted for the individual 
sheep dip sites; demonstrating interdependency in influence of the soil properties comprising 
the various models. The operationally simplest and most parsimonious model developed for 
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estimation of log transformed EC50 parameters consisted of only the sum of amorphous and 
crystalline Fe oxides. 
Based on the models developed for estimation of EC50, soil P was not one of the main 
properties controlling toxicity of soil As. However, the best single predictors of plant biomass 
were the As to P ratios based on the effective and soluble concentrations. As proposed in the 
literature review through the re-interpretation of the data presented by Carrow et al. (1975), 
the likely explanation for the contrasting effects of P on As toxicity is through consideration 
of added P treatments instead of the resulting available P concentrations. However, different P 
treatments were not administered in this project. The observed influence of P concentrations 
on the toxicity of the immediately available As concentrations provides a possible explanation 
for the relatively poor correspondence between the most immediately available As levels and 
plant growth.  
The 95 % confidence interval for the EC50 parameter based on the effective soil AsE/PE molar 
concentration ratio ranged between 0.14 and 0.36, inversely corresponding to PE/AsE ratios 
between 2.7 and 7.1. The 95 % confidence interval for EC50 based on the soluble As/P molar 
concentration ratio was higher; ranging between 0.26 and 0.57, it corresponded to P/As ratios 
of 1.8 to 3.8. Weight based P/As concentration ratios below 4 were associated with a toxic 
effect on wheat plants in a nutrient study experiment, while P/As ratios above 5 were 
described as harmless (Hurd-Karrer, 1939). Weight based P/As concentration ratios of 4 and 5 
correspond to molar concentration P/As ratios of 9.68 and 12.10 respectively. The growth 
suppression observed by Hurd-Karrer (1939) was less than 50 % in all treatments above the 
molar P/As concentration ratio of 4.84 (weight based P/As ratio of 2). Therefore, the 
estimated EC50 parameters based on immediately available soil P/As ratio exhibit relative 
agreement with those previously observed in the wheat nutrient study.  
Greater soil available P/As ratios were also associated with greater corn yields in a clay loam 
soil dosed with different P and As treatments, with available P/As weight ratios of 6.8 
associated with good growth (Woolson et al., 1973). Differences in corn yields between two 
soils with similar available As levels were reflected in the available P/As ratios (Woolson, 
1973). The two soils, having available As levels of 27.9 mg/kg and 26.1 mg/kg and available 
P/As ratios of 4.4 and 19.2, produced radish growth reductions of 77 % and 7 % respectively 
(Woolson, 1973). 
The disparity between the EC50 concentrations based on the soil effective and the soil pore 
water As/P ratios could be due to two causes. It could be due to the underestimation of the P 
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DGT diffusion coefficient, resulting in the over prediction of the P DGT concentrations. 
Alternatively, the EC50 based on the AsE/PE ratio could be lower due to differences in 
resupply kinetics between As and P, with P displaying a greater resupply from the labile solid 
phase relative to As. 
A single soil sample behaved as a large outlier in the dose-response relationship between 
wheat shoot biomass and the soil As/P concentration ratios (sample B2). With respect to the 
overall trend, the wheat biomass for B2 was significantly higher than expected at the given 
As/P soil concentration ratio. Conversely, the root As concentrations in wheat plants from soil 
B2 were lower than expected at the given As/P soil ratios. While initially perplexing, the soil 
contained the second lowest effective P concentration, and based on the analysis of shoot and 
root wheat tissue, the plants were diagnosed with likely P deficiency. Furthermore, the 
effective soil P concentrations exhibited a positive influence on the relationship between the 
root and soil As/P concentration ratio. Therefore, the data suggested that in relation to As, P 
was preferentially accrued in wheat roots at lower available soil P concentrations, particularly 
under conditions indicative of P deficiency.  
While the up-regulation of the high affinity P uptake can not be excluded in samples with low 
available soil P, experiments of As and P uptake kinetics have consistently observed that P 
competes less effectively with As under the high affinity uptake (Esteban et al., 2003, Meharg 
and Macnair, 1991, Zhu et al., 2006). For example, based on the concentrations of P and As 
remaining in the nutrient solution after different periods of uptake by wheat plants (0 - 48 h), 
the selectivity for P over As was greater at a higher concentration range (Zhu et al., 2006). 
White lupin plants exhibited a greater selectivity for P over As under conditions of adequate P 
supply (Esteban et al., 2003). Additionally, while the sample with the low available P level 
and high As/P ratio did not exhibit growth inhibition, producing the second highest shoot 
biomass, other experiments have observed enhanced As sensitivity under low P, high affinity 
uptake conditions; related to greater As uptake (Meharg and Macnair, 1991). However, long 
term uptake of P and As under P deficient conditions has not been studied in wheat plants. 
Plant nutrient acquisition mechanisms in soil are likely to be more complex than those in 
nutrient solution, and may include mycorrhizal associations. Fungal symbionts have been 
demonstrated to confer greater As tolerance to their host plants through exclusion of As while 
enhancing the P supply (Sharples et al., 2000). The previously discussed negative correlation 
between the ratio of DGT to soluble As concentrations (RAs) and the available soil P may also 
be a clue to altered selectivity for soil As under conditions of P deficiency. Due to the limited 
number of samples with low available P and the possible influences of other variables, the 
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apparent conflict between the observations made in this project and the current literature 
deserves further exploration. 
Available measures of soil Zn, including both RHIZO-extractable and total soluble 
concentrations were strongly correlated with wheat yield in the four soils from Site E, 
exhibiting relationships closely approximating the sigmoid dose-response functions. In 
contrast, growth reduction was not closely associated with total soil Zn concentrations. 
Requiring extrapolation past the range in the observed soil Zn levels, the EC50 parameters 
could not be estimated with confidence. Consequently, validation of the recently published 
models for estimation of soil specific Zn effective concentrations for wheat plants was not 
carried out (Warne et al., 2008a, Warne et al., 2008b). 
The limitations stemming from the controlled nature of bioassay experiments should be 
acknowledged. The high transpiration rates, controlled moisture levels, and limited volume 
and homogeneity of soil are not representative of the field conditions. Therefore, caution 
should be actioned in any inference of bioassay results, until the experiments are replicated 
under field conditions. 
5.3.3 Zinc toxicity 
However, the soil properties representing predictor variables in the models developed for 
estimation of Zn EC50 parameters for wheat, being CEC and soil pH, also exhibited control 
on the phytotoxicity of total-soil borne Zn levels in the four soils from site E (Warne et al., 
2008a, Warne et al., 2008b). Both properties exerted a negative influence on the availability 
of total soil Zn. Increasing soil pH decreases the aqueous solubility of heavy metals, while 
CEC is a measure of soil’s capacity for exchangeable sorption of metal cations (Crout et al., 
2006, McLaughlin et al., 2000). Therefore, similar to results observed for As, the consistency 
between the soil properties involved in control of Zn availability and phytotoxicity provides 
mechanistic support for further development and validation of simple soil-specific models for 
prediction of phytotoxicity.  
5.4 Plant arsenic uptake 
Root and shoot As concentrations, the As distribution between shoot and root compartments, 
and also the total amount of As accrued by wheat plants, were all dependent on, or regulated 
by, As phytotoxicity. Wheat shoot As initially increased with increasing soil As but displayed 
maxima closely corresponding to the EC50 threshold fitted using the effective soil As/P 
concentration ratio. Shoot As increased relative to P with the increasing effective soil As/P 
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ratio, reaching a maximum at the EC50 threshold, shoot P increasing relative to As in the 
toxic range with further increases in soil As/P. The limited dataset displayed distinct shoot As 
maxima, suggesting that wheat shoot As concentrations were dependent on factors other than 
soil As or soil As/P concentrations.  
Even though the threshold limited the level of As in the above ground biomass, appreciable 
shoot As concentrations were observed. For instance, the maximum shoot As concentration 
(23 mg/kg) was comparable to levels reported for wheat plants grown in soil treated with 10 
mM of phosphate (Tao et al., 2006). The threshold in As shoot translocation in wheat plants 
has not been explicitly reported in the literature, with shoot As concentrations commonly 
exhibiting a saturation dependent behaviour with increasing As in the external medium 
(Anderson et al., 2008). However, its close correspondence with fitted EC50 parameter 
provides a physiological connection for the EC50 parameter, and suggests that partitioning of 
As to shoots is associated with As metabolism and tolerance. 
Demonstrating that soil As toxicity varies between plant species as well as across soils with 
differing properties, Anderson et al. (2008) shows that simple, linear soil-specific models of 
As toxicity can vary significantly between plant species. In order to isolate the variability in 
species sensitivity, the authors adopt a measure of sensitivity, the plant contaminant 
sensitivity index (PCSI), as a relative correction term for effective toxic concentrations. The 
plant contaminant sensitivity index is the integral of plant biomass with respect to tissue 
contaminant concentrations, evaluated up to the upper plant metal critical concentration. 
Calculated on the basis of the phytotoxic relationship between shoot biomass and shoot As 
concentrations, the PCSI model was successful in normalising the predicted EC20 parameters 
between Japanese millet, ryegrass and alfalfa (Anderson et al., 2008).  
Compared to the classical negative relationship between an ecological endpoint and tissue 
contaminant concentrations, the relationship between the shoot biomass and shoot As As in 
wheat was atypical, with shoot As decreasing with increasing toxicity beyond the EC50 
threshold. Therefore the PCSI for wheat could not be derived from the phytotoxic relationship 
between shoot biomass and shoot As concentrations, as carried out for millet, ryegrass and 
alfalfa species by Anderson et al. (2008). The PCSI for wheat could be derived from the 
association between wheat biomass and root As concentrations, but it would not be 
comparable to the PCSI values previously derived from literature.  
The relationship between As phytotoxicity and root As concentrations approximated the logit 
function. Defined as the inverse of the dose-response sigmoid relationship, root As 
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concentrations therefore increased most rapidly in approach to the upper and lower 
asymptotes of the phytotoxic dose-response function. With As uptake across the root plasma 
membrane conforming to a selective and an energy-dependent process in the sub-toxic range, 
the observed rapid accrual of As in the toxic range (> EC50) must signify another uptake 
mechanism (Abedin et al., 2002). The exponential-like increase of root As concentrations 
with increasing soil As indicates that the uptake of As was not diffusion limited in plants 
suffering extreme toxicity. Instead, the relationship suggests that the capacity of plants to 
selectively exclude As was impaired at a certain toxic threshold.  This is supported by the low 
proportion of the soil effective As accounted by the plants, and its negative correlation with 
soil As. Constrained by the inverse relationship between plant biomass and root As 
concentration, the total amount of As accumulated by wheat plants displayed a tendency 
towards saturation. 
With the exception of soils from site E and soils with As close to the likely background levels, 
the wheat As concentrations were higher in roots relative to shoots. Plant accrued As was 
therefore predominantly confined to the roots, consistent with other studies on the plant 
distribution of inorganic As (Small and McCants, 1962, Raab et al., 2005). Parallel with other 
investigations, shoot to root As ratio decreased with increasing soil As content, or the 
increasing phytotoxicity (Geng et al., 2006, Pigna et al., 2008, Meharg and Macnair, 1991). 
Root As content was therefore more sensitive to As supply compared to shoots, with the 
transfer of As from roots to shoots further restricted at levels above the EC50 threshold. Both 
Geng et al. (2006) and Pigna et al. (2008) reported a decreasing root to shoot transfer of As in 
wheat plants with increasing As supply. Meharg and Macnair (1991) suggested that that the 
transfer of As from root to shoot is inhibited by plant stress.  
Phosphorus status of wheat plants or its availability in soil did not significantly influence the 
partitioning of As between shoot and root compartments, considered explicitly in terms of the 
shoot/root As transfer. However, in addition to the positive influence of soil P availability on 
the relationship between the root and the soil As/P concentration ratios, soil P exerted a 
negative influence on shoot As concentrations at a given soil As level. Additionally, shoot As 
concentrations were negatively influenced by root P concentrations. Phosphorous supply 
increased the root As/P ratio and decreased the shoot As/P ratio of wheat plants in a study 
where soil was irrigated with As enriched water (Pigna et al., 2008). While the results of the 
current project indicate that P supply decreases shoot As concentrations, it is impossible to 
distinguish between the its role in inhibiting As uptake and its function in enhancing the 
tolerance to As within plants (Wang et al., 2007).  
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Controlled factorial experiments have observed conflicting effects of P plant nutrition or P 
supply on the translocation of As in plants. While limiting the absolute concentration of As, P 
supply tended to increase the shoot to root As ratio of wheat plants grown in nutrient solutions 
(Geng et al., 2006). In a soil experiment, P treatment increased the uptake of As by wheat 
plants, but produced a reduction in the root to shoot As transfer; the enhanced uptake of As 
remaining in wheat roots in the P treated soils (Pigna et al., 2008). Soil experiments have 
invariably reported an increase in As uptake with P treatment (Tao et al., 2006, Creger and 
Peryea, 1994, Jacobs et al., 1970a), while nutrient solution experiments have concluded that 
uptake of As is reduced with increasing P  (Abedin et al., 2002, Meharg and Hartley-
Whitaker, 2002, Meharg and Macnair, 1991). It should be recognised that the results observed 
in soil studies cannot be divorced from the positive feedback on As availability introduced by 
P supply, while the nutrient solution studies will emphasise the importance of uptake kinetics, 
amplifying the competitive effect of P on As uptake (Fitz and Wenzel, 2002). The observation 
that P supply leads to a reduced upward translocation of As may be result of higher As 
tolerance.  
Furthermore, as reflected in Quaghebeur and Rengel (2005), the metabolism and consequently 
speciation of As in plants will determine its translocation in plants. For example, shoot As 
concentrations of Holcus lanatus increased significantly once the capacity for As reduction 
within plant roots was overwhelmed (Quaghebeur and Rengel, 2003). While the data on As 
speciation within plants was not available, the decoupling of As and P concentrations in 
shoots between the sub and post toxic segments suggests that translocation of As is at least 
partially independent to that of P.  
Calcium and Zn plant status and their soil availability exerted a positive effect on root to 
shoot As transfer in wheat plants, Zn having particularly a dominant effect in co-contaminated 
soils from Site E. For example, the shoot/root As ratios were above 0.60 in all three sub-toxic 
soils from Site E. The only other plants to record a shoot/root As ratio above 50 % were 
grown on soils at As levels close to or below the background content. To the knowledge of 
this author, the interaction of Zn on the upward translocation of As has not been previously 
observed. It is suggested that the enhanced upward translocation in Zn co-contaminated soils 
is related to increased plant As tolerance, potentially conferred from a higher rate of 
phytochelatin (PC) synthesis induced by simultaneous exposure to Zn and As.  
Chelation of arsenite by PCs is considered as constitutive mechanism for As tolerance 
(Hartley-Whitaker et al., 2001b, Schulz et al., 2008). Synthesis of PCs is widespread in plants 
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and is activated by exposure to metal and metalloid concentrations, including both As and Zn 
(Schat et al., 2002, Vatamaniuk et al., 2000). In vitro and in vivo experiments have indicated 
that relative to the Zn, the As-induced PC synthesis rates are higher (Schat et al., 2002). 
Furthermore, the Zn-PC complexes are characterised by relatively low stabilities, and in 
general the role of PCs in detoxification or homeostasis of Zn has been considered as minor. 
However, more recently, PC-deficient mutants of Arabidopsis thaliana were shown to exhibit 
substantially greater sensitivity to Zn (Tennstedt et al., 2009). While phytochelatin synthesis 
is suggested as a plausible mechanism of synergetic tolerance of As and Zn, the observed 
influence of Zn on As upward transport requires further investigation.  
The influence of soil Ca availability and its nutrient status on soil As bioaccumulation, 
upward translocation, and absolute shoot and root concentrations is less clear than that of Zn. 
Root As and Ca concentrations were inversely correlated, while shoot Ca and As in the sub-
toxic range were positively associated, albeit weakly. Consequently, plant and soil available 
Ca concentrations were negatively associated with the bioaccumulation of soil As, but 
positively correlated with the upward translocation of plant As. The results therefore suggest 
that soil Ca supply reduces the proportion of soil As accumulated by plants. This association 
not been previously reported, and the potential confounding interactions mean that further 
research is required in order to demonstrate an influence. 
Similar to Ca, shoot Mg, Cd and S concentrations also exhibited weak and positive 
correlations with shoot As content within the sub-toxic (<EC50) range. Other experiments 
have reported a positive influence of increasing As supply on plant Ca and Mg levels 
(Carbonell et al., 1998a, Carbonell-Barrachina et al., 1997b, Liu et al., 2008). For example, 
upon exposure to 20 mg/L of As, both Mg and Ca shoot concentrations increased in relation 
to the control in winter wheat (Triticum aestivum L.), with the upward translocation of both 
nutrients increasing with rising As supply (Liu et al., 2008). Similarly, Carbonell-Barrachina 
et al. (1997b) reported an increase in above ground Ca and Mg concentrations with increasing 
rates of arsenate application in bean plants. However, the study also observed a positive 
association between root Ca and increasing As exposure (Carbonell-Barrachina et al., 1997b). 
Examining the relationship between the As levels in fronds of the hyperaccumulator fern 
(Pteris vittata L.) and the respective Mg and Ca nutrients status Tu and Ma (2005) observed a 
positive correlation for the lower levels of As exposure and negative correlations in the upper 
levels of As supply.  
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Calcium plays an important structural function in plants, controlling solute uptake and 
preventing leakage across plasma membranes, and also maintaining the integrity of the cell 
walls, but it is also involved in detoxification of high metal concentrations (Marschner, 1995). 
Even though the positive correlations between plant As and Ca correlations have led to 
proposals that plant Ca may be linked to reduced plant sensitivity, its potential contribution to 
As tolerance is taken as low due to its relative immobility within plants (Tu and Ma, 2005). 
However, its role in the maintenance of plant membranes may influence the translocation and 
bioaccumulation of As. In particular, its function in the integrity of membranes could be 
crucial under high As exposures.  
In plants, Mg is involved in a large number of enzyme activating pathways, as well as 
constituting the central atom of the chlorophyll molecule (Marschner, 1995). Magnesium 
participates in the phosphorylation process, a potential endpoint for As interference and 
toxicity (Meharg and Hartley-Whitaker, 2002). Therefore, it has been suggested that the 
association between Mg and As in plant shoots is due to an enhanced demand for Mg caused 
by an As-induced inhibition of the phosphorylation process (Carbonell et al., 1998a). Arsenic 
induces plant stress via other pathways too, such as the generation of reactive oxygen species 
during the constitutive reduction of arsenate to arsenite. Greater Mg requirement for enzyme 
activation remains as a potential explanation for the weak association between shoot Mg and 
As concentrations in the sub-toxic range. 
If the trends in shoot and root plant As concentrations is followed across the EC50 threshold, 
the increasing As toxicity had a negative impact on the nutritional status of wheat plants. 
Wheat shoot Ca, K, P, Mg and S concentrations tended to decrease with increasing plant 
stress across the EC50 threshold. In contrast, shoot Na and Pb concentrations increased with 
increasing plant stress above the EC50 threshold, both exhibiting greater upward translocation 
in the toxic range. Sodium and S root concentrations, and to a lesser extent those of P and K, 
also increased with increasing toxicity in the range above EC50. Even though the trends have 
not been consistent across different studies, the negative influence of As on plant nutritional 
status has frequently been reported in the literature (Marin, 1992, Liu et al., 2008, Carbonell 
et al., 1998a, Carbonell-Barrachina et al., 1997a). Comparable to the results of the present 
study, Carbonell-Barrachina (1998) observed a reduction in the above ground concentration 
of P, K and Ca of tomato plants with increasing As exposures, attributed to plant stress. It is 
impractical to directly contrast the results observed within the current study with those 
reported elsewhere, as in general no attempt is made to separate the effect of As toxicity on 
nutrient status and the effect of the nutrient status on uptake and translocation of As.  
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In contrast to the seemingly consistent reduction of K shoot concentrations with As exposure, 
the root K levels have been reported to increase and decrease with increasing As supply 
(Carbonell et al., 1998b, Carbonell-Barrachina et al., 1997b, Liu et al., 2008). Similarly, both 
positive and negative relationships between plant As and Na have been reported (Carbonell-
Barrachina et al., 1998, Carbonell et al., 1998b). The positive correlation between root K and 
As levels has been attributed to the propensity of K to act as counter-ion to anions (Carbonell-
Barrachina et al., 1997b). Additionally, the competitive uptake between K and Na can explain 
the inconsistent results for the two elements. For example, Carbonell-Barrachina et al. (1998) 
observed a reduction in Na root concentrations, but an increase in root K levels in tomato 
plants exposed to increasing levels of arsenite in nutrient solutions. The use of Na salts in As 
amendments is known to artificially affect the uptake of Na in dosing experiments (Carbonell 
et al., 1998b). In the current study, the strong correspondence between plant Na and As, 
evident in the toxic As range, indicates that the competitive selectivity for the plant-essential 
K over non-essential Na is impaired by As toxicity. Furthermore, the sharp increase in plant 
Na levels corresponded directly with the rapid increase in root As concentrations in plants 
experiencing high stress. 
5.4.1 Modelling arsenic phytoavailability 
Plant As concentrations were better predicted by the determinations targeting more labile 
pools of As in soil, compared to total soil-borne As or the more recalcitrant soil As fractions. 
This trend was observed in the prediction of both shoot and root As concentrations, but was 
less pronounced for root As. As outlined in the literature review,  the unsuitability of total soil 
As levels as an indicator of As phytoavailability has consistently been observed, with most 
studies finding that the less aggressive soil As extractions exerted closer correspondence with 
plant concentrations (Huang et al., 2006, Gulz et al., 2005, Anawar et al., 2008, Woolson et 
al., 1971a). For example, corn As concentrations were independent of total soil As but were 
directly proportional to total soluble As in 19 calcareous soils containing As at levels less than 
25 mg/kg (Sadiq, 1986). In an evaluation of various soil As extraction procedures, using both 
field sampling and pot trials, Anawar et al. (2008) recommended sodium acetate and 
ammonium nitrate extractions as most consistent indices of phytoavailability. 
The relatively lower correlations between root As levels and the most immediately available 
soil As extractions, representing the soluble and non-specifically adsorbed As, in relation to 
shoot As, possibly indicates a significant depletion of those pools with increasing root uptake 
at high As soils. Alternatively, interference from the unintentional but unavoidable soil 
contamination of root tissues and the rapid rate of As uptake by plants experiencing high 
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toxicity, are also viable reasons for the observed difference between plant shoot and root, and 
soil As correlations. Both shoot and root As concentrations displayed non-linear relationships 
with soil As content, displaying saturation tendency expected under active uptake processes. 
Gulz et al. (2005) reported that As concentrations in maize, ryegrass, sunflower and rape 
exhibited non-linear relationships with NaNO3 extractable soil As, successfully modelled by 
the Michael-Menten mechanics. In the current study the relationships between plant and soil 
As levels was log-log transformed to approximate linear functions.  
In contrast to other weaker soil As determination, the effective soil As and RHIZO-
extractable As were the most consistent linear predictors of both shoot and root As levels. The 
effective soil As concentrations, estimating the kinetically labile soil phase based on the 
measured DGT fluxes and the diffusional transport of As through the soil, represented the 
most favourable single predictor of shoot As content (r2> 0.81). While effective soil 
concentrations of metal contaminants have been shown as favourable predictors of plant metal 
uptake, to the knowledge of this project they have not been evaluated against plant As 
phytoavailability before (Zhang et al., 2001). In contrast with all the other determinations of 
soil As based on a single or a sequential chemical extraction, and thereby liberating a discrete 
pool of soil As, the effective As concentrations accounted for the kinetic dependency of solid 
phase resupply. The limited dataset indicates that for the sub-toxic soil samples, where As 
uptake is likely to be limited by soil diffusion as opposed to plant uptake, the effective soil As 
concentrations show promise as a phytoavailability indicator. 
Along with effective concentrations, the determination that most closely corresponded with 
plant As levels was the RHIZO-extractable soil As (r2 > 0.81). As opposed to the other simple 
extraction reagents, the technique approximates an aspect of soil-plant interactions: the 
alteration in metal availability in response to the low molecular weight organic acid 
(LMWOA) fluxes in the rhizosphere. Organic acids may influence the availability of As 
through competition for the adsorption sites on mineral surfaces or through solubilisation of 
Fe and Al oxides (Fitz et al., 2003, Vetterlein et al., 2007). Recently developed, the RHIZO-
extraction technique uses a simple LMWOA cocktail as a reagent; its total concentration set 
between those observed in plants and soil solution, and below those associated with 
significant dissolution of soil mineral phases (Fang et al., 2005a, Fang et al., 2005b). In 
limited evaluations on matrices of heavy metal contaminants across different soils, RHIZO 
has been proposed as a favourable predictor of wheat metal uptake, proving more consistent 
than other commonly used metal extractions (Fang et al., 2005a, Fang et al., 2005b). In 
addition to its suitability for metal contaminant availability, the RHIZO-extractable As was 
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recently found as the best predictor of root and shoot As concentrations of white lupin plants 
grown on soils contaminated by a mine slurry spill, superior to (NH4)2SO4 and NaNO3 
extractable As (Vázquez et al., 2008). 
Soil As/P ratios were strongly correlated to shoot As concentrations, while, as expected from 
the distinctive relationship between Root As/P and soil As/P, their association with root As 
levels was affected by P supply. For both the effective and RHIZO-extractable 
determinations, the absolute As concentrations were more favourably related to the plant As 
levels than the As/P ratios. Given the limited dataset, the applicability of RHIZO and effective 
soil As should be examined over larger sample pools, potentially on both sensitive and 
tolerant plants. In terms of operative simplicity and possibility for simultaneous determination 
of other contaminants, the RHIZO procedure is superior to DGT measurements.     
Significant influences of soil properties on the bioaccumulation of As in wheat was observed. 
The potential influence of soil properties was examined through development of linear models 
for prediction of sub-toxic shoot As concentrations; root and total plant As were not 
considered because of their highly non-linear relationship with soil As. The soil properties 
found as significant predictors of shoot As in models already containing a determination of 
soil As included soil available Zn and P indices, soil pH and soil Fe content. The effects of Zn 
and P have already been discussed separately, with elevated soil Zn enabling greater 
translocation of As to shoots, while P exerted a negative effect on the shoot As levels.  
Soil Fe oxides exerted a significant negative influence on the availability of total soil As 
concentrations. This was consistent with their ameliorating role on soil As toxicity (Jiang and 
Singh, 1994, Vetterlein et al., 2007). The uptake of As by tobacco-plants was inversely related 
to the Fe soil content in three soils with comparable As treatments (Small and McCants, 
1962). In the current project, the total soil Fe content was found as a significant predictor of 
log-transformed shoot As concentrations in a model already containing total soil As, its 
inclusion increasing the adjusted r2 value from 0.64 to 0.80. The bioaccumulation of total soil 
As, considered both as the soil-to-shoot and soil-to-plant transfer factors, was negatively 
associated with soil Fe oxides. However, soil Fe oxides exhibited higher correlation 
coefficients with the soil-shoot As transfer factor in comparison to the soil-total plant As 
transfer factor, reflecting the effect of phytotoxicity and/or unintentional soil contamination 
on the bioaccumulation of soil As. In a survey consisting of 173 paired soil and shoot samples 
from commercially farmed locations, the transfer of soil As to wheat shoots showed large 
variation between different soil types (Williams et al., 2008).  
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Soil pH was only found as a significant predictor in models already containing soil Zn and P, 
and therefore its negative influence on shoot As cannot be confidently interpreted. 
Furthermore, soil pH was only found as significant predictor when untransformed shoot As 
were used as the dependent variable. At a constant P and Zn level, soil pH exerted a negative 
influence on the proportion of As taken up wheat shoots. Therefore it is possible that soil pH 
influenced the soil or plant interaction between soil As and P, and not the absolute availability 
of soil As. For instance, a positive growth response to P addition was only observed in 7 out 
of 17 soils dosed with As, with best responses corresponding to the most acidic soils (Benson, 
1953).  
The complexity of the interaction between plant As uptake and soil pH is reflected in the 
literature, with positive, negative and lack of associations observed (Jiang and Singh, 1994, 
Merry et al., 1986). Liming did not influence the uptake of As by barley in two soils dosed 
with As (Jiang and Singh, 1994). In contrast, the uptake of As by ryegrass and lettuce was 
greater in a calcareous soil (pH 8) compared to a non-calcareous soil (pH 6) in sewage sludge 
amended soil (Campbell et al., 1985). While the availability of As increases with increasing 
soil pH, the active uptake of As is expected to decrease with increasing pH (Meharg and 
Macnair, 1991). Therefore, the presence or absence of a pH effect is likely to be dependent on 
the balance between its opposing influence on soil As availability and plant uptake kinetics. 
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6 Conclusions 
Extending from a hypothesis that the fraction of total soil As available to organisms is 
controlled by processes influencing As adsorption-desorption dynamics, this project sought to 
examine if two estimators of soil As bioavailability (bioaccessibility and phytotoxicity) are 
predictable from readily available soil properties. The collected dataset comprised sheep dip 
impacted soils, and while the dataset was limited in sample size and in the range of properties 
likely controlling the behaviour of As in soils, the multi-contaminant signatures and long 
residence times of the dataset presented a beneficial contrast to previous contaminant dosing 
experiments.  
Based on a sequential extraction scheme soil As appeared to be poorly extractable and 
moderately recalcitrant. Soil As was uniformly distributed across the dataset, the majority 
associated with amorphous and poorly crystalline metal oxides, while the fractions 
conceptually representing labile As were minor. The bioavailability of soil As, as measured 
by both the in vitro bioaccessibility and an early growth bioassay, was inversely related to the 
proportion of soil As associated with crystalline Fe oxides. A positive relationship between 
soil As and amorphous Fe oxides was demonstrated for highly impacted soils, suggesting that 
modes of adsorption other than commonly inferred surface complexation were occurring. 
Further examination of As adsorption in soil medium is required, addressing the possible 
effects of long residence times, co-contaminant conditions, and also the role of plant and 
microbial fluxes on the distribution of soil As. Soluble As concentrations represented small 
proportions of total soil As, and were generally poorly buffered based on measurements of 
diffusive gradients in thin film (DGT) fluxes.  
The DGT technique was successfully applied for simultaneous determination of As and P in 
nutrient solutions and in soils, corroborating some recent reports in the literature. It is 
suggested that further work be undertaken to examine the kinetics of As resupply using 
temporal exposures and the DIFS model. Moreover, the As and P diffusive coefficients of 
DGT devices should be measured under simultaneous exposures; the current project indicated 
that the P coefficient was lower than found for measurements carried out in P only exposures. 
Additionally, the capacity of Fe oxide gels should be extensively characterised using solutions 
approximating the soil pore water in composition. 
The majority of the variance exhibited by both bioaccessibility and phytotoxicity could be 
explained by a small set of soil properties. The two measures of As bioavailability were most 
strongly related to determinations of soil Al, Fe and Mn oxides. However, even though the 
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literature strongly suggests that Fe oxides exhibit the greatest affinity for As, the individual 
role of specific metal oxides in mediation of total soil As bioavailability could not be 
distinguished. While the results were potentially due to the interdependence of soil properties, 
the individual role of oxides on the availability of soil As requires further research, along with 
a move towards modelling methods that recognise predictor autocorrelation. The study also 
found that the bioaccessible proportion of total soil As was positively affected by the soil As 
loading. Despite the fact that small sample size limited model development and inference, the 
generated models showed good agreement in formulation with models published elsewhere, 
and also demonstrated qualitative prediction when evaluated against independent datasets. 
Linear models developed for prediction of phytotoxic effective concentrations remain to be 
tested against independent data.  
Phosphorous supply and plant nutrition exerted a significant control on the phytotoxicity of 
soil As. The competitive uptake of As and P was reflected in the strong correspondence 
between plant growth and soil available As/P ratios. The observed effect of P nutrition on As 
uptake was complex, with wheat exhibiting greater selectivity for P than As under P deficient 
conditions, in stark opposition to the findings of nutrient solution experiments where lower 
selectivity for P occurred once high affinity uptake was induced by P limitation. It is 
recognised that plant P acquisition mechanisms acquire greater complexity in soil, and it is 
proposed that the potential influence of plant-soil interactions on P acquisition should be 
further examined prior to transfer of observations gained in nutrient solutions studies to the 
soil medium. Furthermore, the experiment observed a strong positive influence of Zn, when 
present as a co-contaminant, on the upward translocation of As in plants. Reported for the first 
time, this effect requires further investigation due to the frequent multi-contaminant nature of 
polluted land and the undesirability of upward As translocation.  
The uptake, translocation and bioaccumulation of wheat As and plant nutrients was affected 
by As toxicity. Shoot As concentrations exhibited a threshold maximum that directly 
corresponded to the EC50 parameter, while root As levels approximated a logit function with 
increasing soil As level. Therefore the uptake of soil As was non-linear over the sub-toxic 
range, conforming to saturation behaviour characteristic of a selective, energy-dependent 
process. Consequently it is not expected that diffusional transport would remain limiting to As 
uptake. Uptake in toxic soils did not appear selective; the results suggesting that uptake may 
be related to plant nutrition, through the role of the latter in the maintenance of plant cell 
integrity. In view of the myriad of factors affecting the plant uptake of soil As, a single 
determination is unlikely to represent the definite index of phytoavailability. However, out of 
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the soil As determinations evaluated, the RHIZO-extractable and soil effective As 
concentrations were the best single predictors of wheat uptake. The two determinations are 
favourable as they are mechanistically linked to either the soil-plant interactions or the soil As 
kinetics, and both deserve further evaluation. 
The results of this exploratory project contribute and further support the shift towards site 
specific soil guideline criteria. In particular, the development of soil based guideline values 
for phytotoxicity is currently possible, given the relative simplicity of bioassays and 
availability of tools for normalisation of soil and plant variations. Moreover, there is an 
exceptional consistency in the soil properties identified as most influential across the currently 
available phytotoxicity studies, inclusive of this project. Conversely, evaluated as a simple 
chemical extraction, bioaccessibility is operatively defined and therefore subject to greater 
variation between experiments. Additionally, further refinement of in vitro procedures is 
likely to take place in the near future, as the methods are modified and validated against 
animal species with gastrointestinal systems closer to that of humans. However, the congruity 
between this project and other examinations in the soil properties that control As 
bioaccessibility indicates that the developed models may be used as a screening tool in site 
assessments.  
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9.1 Appendix A: Site Plans 
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Figure 9.1.1. Soil sampling plan and the resulting total soil As concentrations for a Canterbury sheep dip, identified in text as site C. Diagram is not to scale. 
1 9
2 41
3 13
4 32
5 51
6 58
7 41
8 91
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10 39
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Figure 9.1.2. Soil sampling plan and the resulting total soil As concentrations for foot rot bath, identified in text as Site D. Diagram is not to scale. 
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Figure 9.1.3. Soil sampling plan and the resulting total soil As, Zn concentrations for a Marlborough spray dip, identified in text as Site E. Results of the organochlorine pesticide screen are 
included where available. Diagram is not to scale. 
1 59 746 - - - -
2 33 583 - - - -
3 32 1557 - - - -
4 77 515 - - - -
5 101 1352 <0.010 1.2 <0.010 <0.010
6 149 1225 <0.010 3.8 <0.010 <0.010
7 102 669 <0.010 10 <0.010 <0.010
8 47 300 - - - -
9 59 746 - - - -
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(mg/kg)
Lindane 
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Sample Total As 
(mg/kg)
Total Zn 
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Σ DDT 
(mg/kg)
  
239 
 
Figure 9.1.4. Soil sampling plan and the resulting total soil As and Cu concentrations for a Marlborough foot rot bath, identified in text as Site F. Diagram is not to scale. 
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2 8 114
3 8 239
4 7 151
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6 41 3,723
7 98 2,520
8 5 43
9 5 24
10 4 100
Total As 
(mg/kg)
Sample Total Cu 
(mg/kg)
  
240 
 
Figure 9.1.5. Soil sampling plan and the resulting total soil As and Pb concentrations for a Marlborough sheep dip bath, identified in text as Site G. Results of the organochlorine pesticide 
screen are included where available. Diagram is not to scale. 
1 54 16 - - - -
2 86 15 - - - -
3 58 18 - - - -
4 794 246 18.6 0.12 <0.010 0.016
5 565 150 13.3 0.043 <0.010 0.015
6 2,077 60 8.5 <0.010 <0.010 0.03
7 910 274 14.3 0.086 <0.010 0.096
8 301 96 - - - -
9 303 335 - - - -
10 142 275 - - - -
11 72 70 - - - -
12 496 52 - - - -
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(mg/kg)
Aldrin 
(mg/kg)
Lindane 
(mg/kg)Sample
Total As 
(mg/kg) Total Pb (mg/kg)
Σ DDT 
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Figure 9.1.6. Soil sampling plan and the resulting total soil As concentrations for a Marlborough spray dip, identified in text as Site E. Results of the organochlorine pesticide screen are 
included where available. Diagram is not to scale. 
1 72 - - - -
2 55 - - - -
3 117 3.2 <0.010 <0.010 <0.010
4 180 5.3 <0.010 <0.010 <0.010
5 70 - - - -
6 79 - - - -
7 99 - - - -
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(mg/kg)
Lindane 
(mg/kg)
Sample Total As 
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Σ DDT 
(mg/kg)
Dieldrin 
(mg/kg)
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9.2 Appendix B: Speciation of soil pore water arsenic 
Table 9.2.1. Results of soil pore water arsenic speciation modelling for a sample of sheep dip soils, displaying 
concentrations of individual arsenate species (µM) and of the free ion activity of AsO43- (WHAM VI). 
Sample FIA (AsO43-) AsO43- HAsO42- H2AsO4- H3AsO4 
 (µM) (µM) (µM) (µM) (µM) 
A2D 5.73E-09 1.38E-08 2.70E-01 1.80E+02 3.05E+00 
A3D 6.44E-10 7.26E-10 7.39E-03 2.87E+00 3.94E-02 
A4 7.86E-04 1.17E-03 2.41E+01 1.41E+01 1.61E-04 
B1 1.43E-06 1.25E-06 9.98E-02 2.46E-01 1.29E-05 
B2 3.76E-07 5.00E-07 1.54E-01 1.93E+00 7.49E-04 
B3 2.48E-04 3.65E-04 1.83E+01 2.94E+01 1.06E-03 
C10 2.54E-06 4.67E-06 7.59E-02 4.52E-02 7.19E-07 
C3 2.90E-04 4.40E-04 6.50E+00 2.90E+00 2.69E-05 
C6 2.06E-04 4.18E-04 5.03E+00 2.02E+00 1.92E-05 
D6 7.64E-08 1.33E-07 3.54E-02 2.74E-01 4.30E-05 
E3 1.46E-05 2.80E-05 1.32E+00 1.88E+00 5.77E-05 
E5 2.30E-10 6.42E-10 9.34E-03 4.17E+00 4.18E-02 
E6 7.73E-07 1.65E-06 6.21E-01 7.60E+00 2.19E-03 
E9 4.01E-07 5.41E-07 1.27E-01 1.03E+00 2.01E-04 
F6 2.23E-04 9.51E-04 4.41E+00 8.19E-01 4.52E-06 
G12 3.96E-05 9.60E-05 1.14E+01 5.58E+01 8.99E-03 
G4 2.12E-04 4.77E-04 1.65E+01 2.25E+01 8.68E-04 
G5 1.11E-04 2.65E-04 2.57E+01 7.95E+01 5.74E-03 
G6 2.25E-09 1.07E-08 7.85E-02 1.79E+01 9.98E-02 
G7 8.82E-05 2.36E-04 8.17E+00 8.95E+00 2.24E-04 
G9 1.13E-04 2.09E-04 1.17E+01 2.58E+01 1.89E-03 
H3 1.10E-05 1.37E-05 5.50E-01 6.43E-01 1.51E-05 
H4 9.96E-05 1.56E-04 3.68E+00 3.86E+00 1.13E-04 
H5 2.88E-05 4.38E-05 1.05E+00 7.19E-01 9.77E-06 
H6 3.94E-04 6.06E-04 7.87E+00 2.95E+00 2.21E-05 
S1 7.32E-06 1.69E-05 6.71E+00 8.45E+01 2.43E-02 
S2 2.38E-07 5.57E-07 1.37E+00 1.25E+02 3.22E-01 
S4 7.55E-06 1.58E-05 5.99E+00 1.04E+02 7.44E-02 
S6 7.00E-05 1.99E-04 1.31E+01 2.98E+01 1.70E-03 
S7 2.59E-07 3.80E-07 4.18E-02 2.71E-01 7.69E-05 
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Table 9.2.2. The proportion of total soil pore water arsenic accounted by the different arsenate species and the fulvic 
acid arsenate complexes (FA-As) according to speciation modelling (WHAM VI). 
Sample AsO4
3- HAsO42- H2AsO4- H3AsO4 FA-As 
 % % % % % 
A2D 0.00 0.14 98.08 1.75 0.04 
A3D 0.00 0.23 97.94 1.50 0.33 
A4 0.00 63.41 36.59 0.00 0.00 
B1 0.00 28.50 71.50 0.00 0.00 
B2 0.00 7.85 92.11 0.03 0.01 
B3 0.00 36.63 63.37 0.00 0.00 
C10 0.00 58.63 41.37 0.00 0.00 
C3 0.00 70.06 29.93 0.00 0.00 
C6 0.01 70.55 29.45 0.00 0.00 
D6 0.00 11.43 88.55 0.01 0.00 
E3 0.00 40.23 59.77 0.00 0.00 
E5 0.00 0.22 98.79 0.98 0.01 
E6 0.00 7.06 92.91 0.03 0.00 
E9 0.00 11.09 88.89 0.02 0.00 
F6 0.02 84.15 15.83 0.00 0.00 
G12 0.00 16.65 83.34 0.01 0.00 
G4 0.00 42.55 57.44 0.00 0.00 
G5 0.00 21.69 78.31 0.01 0.00 
G6 0.00 0.43 99.01 0.55 0.00 
G7 0.00 48.00 52.00 0.00 0.00 
G9 0.00 28.35 71.64 0.01 0.00 
H3 0.00 47.32 52.68 0.00 0.00 
H4 0.00 53.15 46.85 0.00 0.00 
H5 0.00 59.70 40.30 0.00 0.00 
H6 0.01 72.58 27.42 0.00 0.00 
S1 0.00 7.27 92.70 0.03 0.00 
S2 0.00 1.07 98.67 0.26 0.00 
S4 0.00 5.56 94.37 0.07 0.00 
S6 0.00 30.68 69.31 0.00 0.00 
S7 0.00 16.93 83.05 0.02 0.00 
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Figure 9.2.1. The pH dependency of two major arsenate species (H2AsO42- and HAsO42-) in soil pore water of sheep 
dip soils, as determined by speciation modelling (WHAM VI). 
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9.3 Appendix C: Bioassay plates 
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Figure 9.3.1. Pictures of wheat plants at the end of the 21 day bioassay experiment done using soil samples collected from sheep dip sites. Slides are arranged from highest 
to lowest shoot biomass (dry weight) from left to right.  
 
